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The objective of my study was to characterize the water quality conditions and algal species 
composition of six mountain lakes in the North Cascades of Washington, USA. Exploratory data 
analysis examined water quality conditions and algal species composition separately, then 
determined if they were related. The lakes exhibited median temperatures from 13.3 °C to 20.8 
°C, had nitrate and soluble reactive phosphate concentrations below 100 µg/L and 6 µg/L, 
respectively, were slightly acidic (pH 5.1-6.9), and had median dissolved oxygen concentrations 
ranging from 6.7 mg/L to 10.6 mg/L. Over 340 non-diatom algal taxa were identified. Algal 
species richness was positively correlated with water temperature (τ = 0.353, p-value <0.05), and 
peak richness occurred between the middle of August and beginning of September. Desmids had 
the greatest richness of any major algal group, with 181 unique taxa. Many of the desmid taxa 
identified are ecologically sensitive. Hierarchical clustering separated the lakes into the same 
three distinct groups for both the water quality and algal species composition data, suggesting 
they are associated with one another. The observed relationship between algal species 
composition and water quality conditions, and the presence of many sensitive algal taxa indicates 
that algal biomonitoring would be an effective tool for detecting changes in water quality 
conditions of lakes in the North Cascades. This study expands upon the water quality and algal 
monitoring of mountain lakes in the North Cascades, which contributes to the larger effort to use 
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Mountain lake ecosystems are ecologically sensitive in nature, which allows their water quality 
conditions to act as a unique lens for examining environmental change. The algal species 
composition of a lake is typically a reflection of its water quality conditions. Community 
composition changes in different water quality conditions because of the varying physiological 
requirements of individual algal taxa.  This relationship has allowed algae to act as bioindicators 
of water quality conditions for over a century. My study examines the water quality and 
corresponding algal species composition of six mountain lakes on the western slopes of the 
North Cascades in Washington, USA. There are three primary objectives for my study: to 
characterize the water quality conditions and algal species composition of the six lakes; to 
determine if water quality conditions are impacting algal species composition; and to identify 
when peaks of algal species richness occur in the lakes.  
 
Water Quality of Mountain Lakes 
The ecological sensitivity of mountain lakes can be attributed to many factors including their 
harsh climatic conditions and physical basin characteristics. In general, mountain lakes are 
described as having colder air and surface water temperatures, a shorter growing season, reduced 
nutrient inputs, and more intense ultraviolet radiation when compared to lowland lakes (Laurion 
2000; Livingstone et al. 1999; Sommaruga 2001). Steep crystalline, granitic and metamorphic 
rock, basins with poor soil development are common for many mountain lakes, especially those 
in the alpine and subalpine zones (Kamenik et al. 2001). These steep crystalline basins and 
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shallow soils contribute to surface waters that have reduced alkalinity and low concentrations of 
dissolved minerals (Psenner and Catalan 1994).  
 
Temperature and Dissolved Oxygen 
Mountain lakes may be frozen most of the year, with an ice free period that ranges in duration 
for each lake. The length of ice cover is driven primarily by solar radiation, elevation, 
topographic shading, and lake morphometry (Novikmec et al. 2013). During this ice-free period, 
surface water temperatures generally follow the seasonal patterns of air temperature (Livingstone 
et al. 2005). Many other factors also influence the temperature of mountain lakes, including 
elevation, aspect, lake size and bathymetry, topographic shading, and dissolved compounds such 
as humic acids, which absorb ultraviolet light and convert it to heat (Livingstone et al. 1999; 
Novikmec et al. 2013; Wetzel 2001). These factors can contribute to deviations from the general 
inverse relationship between water temperature and elevation, which can result in mountain lakes 
having comparable or warmer water temperatures than lowland lakes. This deviation has been 
observed in the North Cascades where some mountain lakes have recorded comparable or 
warmer temperatures when compared to regional lowland lakes (IWS 2018; Pfannenstein 2016). 
 Water temperature governs many processes within lake ecosystems, including the 
physical and chemical properties of water, nutrient cycling, and the assemblages and dispersal of 
aquatic organisms (Novikmec et al. 2013; Wetzel 2001). Dissolved oxygen concentrations in 
lakes are largely controlled by water temperature, primary production, and atmospheric 
diffusion. The solubility of gases in water decreases as temperature increases; therefore, colder 
lakes have the ability to contain more dissolved oxygen. Photosynthesis by primary producers 
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can be a major source of oxygen during the day, but can also result in significant oxygen 
depletion during the night due to algal and bacterial respiration (Wetzel 2001).  
 
Specific Conductance, Alkalinity, and pH 
Many mountain lakes are located in areas of crystalline bedrock that has little calcium carbonate, 
sparse vegetation, and poor soil development. Such conditions produce surface waters with low 
ionic strength that are poorly buffered and sensitive to pollutants and natural compounds that 
alter pH (Psenner and Catalan 1994; Skjelkvåle and Wright 1998). A lake’s pH is a measure of 
the free hydrogen ions, and plays an important role in the solubility and biological availability of 
nutrients and other chemicals such as toxic metals. This, in turn, may influence the presence and 
distribution of aquatic organisms. Atmospheric deposition of both sulfate and nitrate has 
contributed to the acidification of many mountain lakes across North America and Europe 
(Logan et al. 1982; Skjelkvåle and Wright 1998). Both sulfate and nitrate promote acidification 
because they are commonly paired with acidifying hydrogen ions. Alkalinity measures the 
acid/base neutralizing capacity of a waterbody and results from any ionic species that can accept 
and neutralize an available proton (Wetzel 2001). The low ionic strength of many mountain 
lakes, including those in the North Cascades, provides minimal resistance to changes in pH 
(Brakke and Loranger 1986). 
 
Nitrogen, Phosphorus, and Major Dissolved Minerals 
Many mountain lakes, especially those in crystalline bedrock basins, have been found to have 
naturally low concentrations of both phosphorus and nitrogen (Baron et al. 2011; Wetzel 2001; 
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Williams et al. 2016). Phosphorus and nitrogen are two essential nutrients for algal growth; each 
has been found to limit primary production in lakes (Nydick et al. 2004; Schindler 1977; Wetzel 
2001). Algae typically use the dissolved inorganic forms of both nitrogen and phosphorus most 
efficiently during production. Concentrations of both ammonium and nitrite are typically low in 
unpolluted lakes, making nitrate the dominant form of inorganic nitrogen (Wetzel 2001). 
Dissolved inorganic phosphorus in lakes is typically dominated by phosphate. When isolated 
from land use changes, atmospheric deposition has been well documented as a source of 
nutrients in mountain lakes, originating from increased vehicle and industry emissions, as well as 
agricultural activities (Nanus et al. 2008). However, the nutrient concentrations of lakes in the 
North Cascades, including my study lakes, are likely more heavily influenced by local geology, 
soil type, vegetation, as well as anthropogenic sources associated with increased recreational 
activity and increased road access (Kopáček et al. 2011; Raymond et al. 2014).  
Other major minerals found in mountain lakes include, but are not limited to, chloride, 
sulfate, and dissolved silica. Chloride is a very soluble ion that is often used as a proxy for 
salinity. Chloride varies between lakes due to a combination of geologic and anthropogenic 
factors. Geologically derived chloride is a result of geochemical weathering of rocks and soil and 
proximity to the ocean, while major anthropogenic inputs typically include road salt, fertilizers, 
and hydrochloric acid generated from the combustion of coal (Dugan 2017; Wetzel 2001). 
Increasing chloride concentrations can reduce the acid neutralizing capacity of a lake, increase 
the transport and bioavailablilty of heavy metals, and alter biological communities, thus 
impacting water quality (Bäckström 2004; Dugan 2017).  
Sulfate not only contributes to lake acidification, but is required for protein synthesis in 
many algal taxa and is acquired through assimilation (Giordano et al. 2008). The major sources 
of sulfate in mountain lakes are geologic weathering, the oxidation of organic sulfur, and 
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atmospheric deposition, as described in the previous section. Atmospheric deposition of sulfur in 
mountain lakes is typically associated with anthropogenically derived sources, and marine 
aerosols are also a contributing factor in the North Cascades (Clow and Campbell 2008). Silica, 
primarily sourced from geologic weathering, is also an important mineral for a variety of algal 
groups including diatoms and chrysophytes (Wetzel 2001). These minerals have the ability to 
impact water quality, as well as the distribution and composition of algal populations. 
 
Organic Carbon 
The majority of organic carbon in lakes is dissolved and is generated from allochthonous sources 
(Sobek et al. 2007; Wetzel 2001). Dissolved organic carbon plays a key role in the structure and 
function of lake ecosystems, including temperature dynamics and concentrations of dissolved 
metals, as well as providing protection from ultraviolet radiation for aquatic organisms (Laurion 
et al. 2000; Sobek et al. 2007). Both catchment and climatic factors such as land cover and 
precipitation greatly influence the concentrations of dissolved organic carbon in lakes. Increased 
precipitation and runoff, which is often associated with higher elevations, has been found to be 
negatively correlated with dissolved organic carbon in surface waters because the increased 
runoff reduces the amount of organic carbon in the soil faster than at lower elevations (Sobek et 
al. 2007). 
 
Mountain Lakes of the North Cascades 
The mountain lakes of the North Cascades are typically small, poorly buffered, with a short ice-
free growing season (Brakke and Loranger 1986; Larson et al. 1999). These mountain lakes are 
6 
 
sensitive to anthropogenic impacts despite being more isolated from agriculture and human 
development than lakes at lower elevations. The surface waters of the North Cascades, including 
mountain lakes, are currently experiencing changes in their water quality conditions from a 
variety of stressors including climate change, nutrient and pollution deposition, increased 
recreational use, as well as proximity to mining and timber harvest (Clow and Campbell 2008; 
Raymond et al. 2014). High elevation lakes in the North Cascades are particularly sensitive to 
such changes in their environmental conditions because of their physical and chemical 
characteristics (Brakke and Loranger 1986: Clow and Campbell 2008). This sensitivity to their 
physical, chemical, and biological environments makes mountain lakes useful indicators and 
predictors for current and future environmental change (Sommaruga et al. 1999).  
The six lakes examined in my study are all located on the western slopes of the North 
Cascades along the Mountain Loop Highway connecting Granite Falls to Darrington, 
Washington USA (Appendix 1.A). The lakes inhabit subalpine and high forest vegetation zones 
as described by Lomnicky (1996). Theses specific lakes were chosen to follow up on previous 
research conducted in this area (Pfannenstein 2016). Pfannenstein stated that dissolved organic 
carbon was the major driver of variance within the water quality and algal species composition 
of ten lakes along the Mountain Loop Highway. The lakes in Pfannenstein’s study were 
separated into “high” and “low” dissolved organic carbon groups based on a 2.0 mg/L threshold. 
I chose to examine Myrtle Lake, Lake Evan, Bear Lake, and Boardman Lake, which represented 
lakes from the “high” dissolved organic carbon group, and Heather Lake and Lake Twenty-two, 





Algae as Bioindicators  
Algae play a vital role in maintaining the health of freshwater and marine ecosystems. These 
photosynthetic organisms sequester carbon, are an important food source, and contribute to 
nutrient cycling. Algae are incredibly diverse organisms that have evolved to inhabit a large 
range of aquatic habitats (Hemsley 2004). Each taxon has specific physiological requirements 
and vary in their response to physical and chemical parameters (Wetzel 2001). These specialized 
requirements allow algae to act as bioindicators of environmental changes (Bellinger 2010). 
Bioindindicators are species or taxonomic groups that provide information about 
ecosystem conditions by their presence, absence, or relative abundance. Algal taxa are 
commonly used as an indicator of water quality conditions (Järvinen 2012). Examining historic 
algal species compositions, over decades or centuries, can help to establish baseline 
environmental conditions from which deviations can be detected.  Shifts in algal species 
composition or dominance from historical conditions can be used to indicate changing water 
quality conditions (Bellinger 2010). 
Phytoplankton have been used as indicators of water quality conditions for over a 
century. Kolkwitz and Marsson (1908) published their saprobic system model to detect inputs of 
organic nutrient pollution in riverine systems based on changes in algal composition upstream 
and downstream from the nutrient pollution source (Chapman 1996). Later in the 20th century the 
Palmer pollution index was introduced to create genera-specific pollution tolerance scores for 
algae. The cumulative tolerance score was used to classify the degree to which a waterbody was 
influenced by organic nutrient pollution (Palmer 1969).  
More recently, as algal bioindices continued to be refined, cyanobacteria and diatoms 
have been featured extensively. Cyanobacteria are of great interest because of their prolific 
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blooms and ability to release toxins. The affinity of certain species of cyanobacteria for nutrient 
rich waters allows cyanobacteria to be indicators of increased nutrient loading, typically resulting 
from anthropogenic sources. Diatoms exist in a wide range of aquatic conditions and specific 
groups of taxa have been used as indicators of acidification and eutrophication in lakes 
(Bellinger 2010). Diatoms produce a glass-like cell wall from silica, called a frustule. These 
frustules are not easily decomposed, and may persist in the sediment for years. Marine species 
have been used to date sediment cores back to the Holocene and late-Pleistocene era occurring 
10 to 15 thousand years ago (Ingalls 2004). The persistence of frustules in sediments have made 
diatoms a popular biomonitoring tool for assessing long term water quality changes in both 
freshwater and marine systems.  
Desmids (Desmidiales) are an order in the Charophyta division of green algae. They 
almost exclusively reside in freshwater, with a few species that inhabit brackish water. Desmids 
are most diverse and abundant in oligotrophic to mesotrophic lakes, which also have low 
turbitidy and a pH that ranges between 5 and 8 (Coesel and Meesters 2007; Griffiths 1928; 
Ngearnpat 2007). Most algae exhibit a "cosmopolitan” distribution because they are easily 
translocated, so the presence or absence of a species is largely determined by habitat suitability 
rather that spatial proximity to other lakes. Desmids, however, are less easily distributed to new 
habitats because they are more susceptible to desiccation than most algae, do not have mobile 
gametes, and are relatively large and heavy (Brook 1981). Therefore, the presence and absence 
of desmids is a reflection of both habitat suitability and spatial location. The difficulties 
associated with transporting desmids to new sites, combined with the fact that many desmid taxa 
are highly sensitive to habitat alterations, allow desmids to be used as bioindicators of stable 
water quality conditions (Brook 1981; Coesel and Meesters 2007). Desmids are especially suited 
to be bioindicators of mountain lakes because they cannot easily repopulate if lost from a 
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specific lake. Repopulation would be difficult because of both the spatial isolation of mountain 
lakes and the sensitivity of desmids to changes in water quality conditions.  
Desmids have been used in biomonitoring indices, which have identified distinct groups 
of desmid taxa that reside in particular habitat types (Brook 1981; Coesel and Meesters 2007). 
Coesel and Meesters (2007) presents an index for quantifying the conservation value of a water 
body based on the composition of its desmid population. Brook (1965) used a series of 
phytoplankton quotients, ratios of the richness of different categories of algae, as a tool to predict 
trophic status. In the United States desmids have mostly been ignored as a monitoring tool, 
though they have potential to be indicators of water quality conditions in areas where they are 
abundant. The mountain lakes of the North Cascades are a great example of the potential 
application of a desmid index because these lakes host an abundant and rich population of 
desmids (Pfannenstein 2016; Wong 2013). 
Phytoplankton have been overlooked as a biomonitoring tool in the North Cascades. 
North Cascades National Park, along with the North Coast and Cascade Network, opted not to 
collect phytoplankton samples due to the difficulty of taxonomy, financial burden, and the issues 
surrounding taxonomist-dependent results (Hoffman et al. 2008). These obstacles are common 
barriers to the use of algal bioindicators. Despite these barriers, my study aims to demonstrate 
that important information can be obtained from examining the algal species compositions of 






Field Site Descriptions 
The North Cascades were formed by the collision and uplift of the North American and Pacific 
tectonic plates, which were then shaped by the advance and retreat of the Pleistocene glaciers 
(Kruckeberg 1991). This has resulted in tall peaks (1,800-2,500 m) with broad carved out valleys 
as depicted by Tabor and Haugerud (1999). The surficial geology is predominantly a mosaic of 
granite, volcanic, and sedimentary rock that has been eroded away, leaving the dramatic relief 
seen today (Tabor and Haugerud 1999). The lakes in my study range from 537 to 964 meters in 
elevation and were formed by this glacial activity.  
 Heather Lake is a 6.03 hectare (14.9 acre) cirque lake that sits below Mount Pilchuck and 
drains into the South Fork of the Stillaguamish River via Heather Creek (Appendix 1.B). The 
lake’s elevation is 727 meters and is characterized by clear water that is both non-turbid and 
unstained by organic matter. Based on field observations the lake bottom is rocky and sandy, 
with little aquatic vegetation. The Heather Lake watershed is 193.4 hectares (478.0 acres), and is 
dominated by evergreen forest, scrub/shrub, and “bare land” that is defined as an area with less 
than 15% vegetative cover (Homer et al. 2015). The main geologic units include marine 
metasedimentary rock, granite, and talus deposits (Washington Division of Geology and Earth 
Resources 2016). The dominant soils as described in the 1970 Mount Baker National Forest soil 
resource inventory include rock outcrops, talus slopes, and fine sandy loam. The watershed 
boundary extends beyond the soil survey boundary, leaving 18.8 hectares (46.4 acres) of the 
watershed with no soils data; given its location, this area is likely to be rock outcrops and talus 
slopes. 
 Lake Twenty-two is located 1.14 km to the east of Heather Lake and is situated at 704 
meters in elevation. Lake Twenty-two is also a cirque lake measuring 13.23 hectares (32.7 acres) 
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in size and is drained by Twenty-two Creek into the South Fork of the Stillaguamish River 
(Appendix 1.C). The lake itself is blue-green in color with good water clarity, neither turbid nor 
stained by organic matter. Based on field observations the lake bottom is comprised mostly of 
talus on the southern half, changing to gravel along north end. Little aquatic vegetation was 
observed during my sampling trips; the vegetation that was present was concentrated on the 
northern end of the lake. The 173.6 hectare (429.0 acre) watershed includes multiple land cover 
classifications dominated by evergreen forest, “bare land,” and scrub-shrub cover (Homer et al. 
2015). The primary geologic units are marine metasedimentary rocks and talus deposits, while 
the soil is dominated by talus slopes, rock outcrops, and gravelly loam (Washington Division of 
Geology and Earth Resources 2016; Snyder and Wade 1970). As with Heather Lake, Lake 
Twenty-two’s watershed boundary extends beyond the soil survey boundary, leaving 35.8 
hectare (88.5 acres) with no soils data, but given its location, this area is likely comprised of rock 
outcrops and talus slopes. 
 Bear Lake is a 7.81 hectare (19.3 acre) glacial depression located off Forest Road 4021 at 
850 meters in elevation (Appendix 1.D). Bear Creek drains into the lake on the south end, while 
the outflow is located on the northeast corner and flows into the South Fork of the Stillaguamish 
River. Aquatic macrophytes encircle the lake’s shoreline, while the observed lake bottom was 
covered in a layer of soft detritus. The lake’s watershed covers 71.2 hectares (175.9 acres). Land 
cover classification is dominated by evergreen forest and water, but also includes palustrine 
emergent wetlands and “bare land” (Homer et al. 2015). Marine metasedimentary rocks and 
water make up the watershed’s major geologic units, while its soils are dominated by a gravely 
and sandy loam, loam, fine sandy loam, as well as gravel and boulders (Washington Division of 
Geology and Earth Resources 2016; Snyder and Wade 1970). 
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 Lake Evan is the second smallest lake in my study sites, measuring 4.41 hectares (10.9 
acres) in area (Appendix 1.E). The lake lies at 826 meters in elevation. An unnamed stream 
drains this oblong lake from the northern end before flowing into Boardman Creek and 
eventually the South Fork of the Stillaguamish River. The grassy shoreline is a mosaic of 
macrophytes, with a single bedrock outcrop. The observed benthic substrate was soft detritus and 
fine gravel. Lake Evan’s watershed encompasses 44.3 hectares (102.0 acres) and its land cover is 
dominated by evergreen forest and water (Homer et al. 2015). The most prevalent major geologic 
units are marine metasedimentary rock and water (Washington Division of Geology and Earth 
Resources 2016). Gravelly loam, sandy loam, and loam are the dominant soil types of the 
watershed (Snyder and Wade 1970). 
 Boardman Lake is an 18.49 hectare (45.7 acre) cirque lake that lies to the south of Lake 
Evan, separated from Lake Evan by a forested ridge (Appendix 1.F). At 964 meters, Boardman 
Lake has the highest elevation of all my study lakes. An unnamed creek flows from Island Lake 
into Boardman Lake, while Boardman Lake drains into the South Fork of the Stillaguamish 
River. The land cover in the 223.4 hectare (552.1 acre) watershed is dominated by evergreen 
forest, water, scrub/shrub, grassland, and “bare land” (Homer et al. 2015). The major geologic 
units within the watershed include granodiorite, marine metasedimentary rock, water, and 
ultrabasic rocks (Washington Division of Geology and Earth Resources 2016). The major soil 
types within the watershed include rock outcrops, talus slopes, as well as loam or very fine sandy 
loam. The watershed boundary extends beyond the soil survey boundary, leaving 35.0 hectares 
(86.6 acres) of the watershed with no soils data (Snyder and Wade 1970). Given its location, this 
area is likely to be rock outcrops and talus slopes.  
 Myrtle Lake is the smallest of the six lakes, covering an area of 1.34 hectares (3.3 acres), 
and is the lowest in elevation (537 meters). The 8.6 hectare (21.3 acre) watershed drains through 
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a culvert under the Mountain Loop Highway into Monte Cristo Lake, which flows into the South 
Fork of the Sauk River (Appendix 1.G). Myrtle Lake contains an active beaver lodge, many 
submerged logs, and has dense macrophyte cover throughout much of the littoral zone. The 
water color of Myrtle Lake is stained brown, characteristic of high concentrations of dissolved 
organic matter. The Myrtle Lake watershed contains only two land cover types: evergreen forest 
and water (Homer et al. 2015). The major geologic units of the Myrtle Lake watershed are 
continental glacial outwash, alluvium, and water (Washington Division of Geology and Earth 
Resources 2016). Loam or silt loam, as well as organics make up the soil types present within the 




I completed seven sampling trips from June through late October 2017, during which time all 
lakes were ice-free. Samples from all six lakes were collected during each two-day sampling trip. 
Each lake was sampled from one location along the shore, based on findings by Pfannenstein 
(2016), which indicated that near-shore water quality conditions were reasonably similar around 
the lakeshore. Sampling locations were chosen at a representative shoreline location with access 
to waters that would maintain a depth of at least 0.3 meters throughout the sampling season. The 
latitude and longitude of each sampling location was recorded with a handheld GPS unit 




After the sampling site was located, surface water temperature, dissolved oxygen, pH, and 
specific conductance were recorded using field meters at a depth of approximately 0.3 meters. A 
YSI proODO meter was used to measure dissolved oxygen and water temperature; a YSI pro 
1030 meter was used to measure pH and specific conductance.  
After collecting the field meter data, water samples were collected for laboratory 
analyses. Water samples were collected from shore (or a floating log) at a depth of 
approximately 0.3 meters using a 2.4 meter sampling pole to avoid disturbing the benthos. To 
reduce contamination, all sample bottles and containers were rinsed three times with lake water 
prior to collecting the sample for analysis. Unfiltered sample bottles were filled with the sample 
collected from the sampling pole directly from each lake, while the filtered samples were filtered 
using a 30-mL Luer-Lok syringe (BD Medical, ID#302832) equipped with a 0.45-µm pore 
hydrophilic polyvinylidene fluoride syringe filter (Millipore Sigma, ID#SLHV033NS). Each 
syringe filter was rinsed with approximately 90 mL of lake water prior to sample collection. 
Once the water quality sampling was complete live algae samples were collected. 
Planktonic algae were collected using a 20-µm plankton casting net. The net was cast 10 times 
without the end cap to allow water to flow through the net and rinse off any residual plankton or 
detritus from the previous sample. Then the cap was replaced and the net was cast into the open 
water repeatedly until a concentrated sample was obtained (subjectively determined by the color 
and “thickness” of the sample). The plankton sample was transferred and stored in a labeled wide 
mouth plastic container. Shoreline algae was gathered by sampling all reasonably available 
substrates, including emergent, submerged, and floating-leaf aquatic vegetation, moss, sediment 
mats, rocks, twigs, and logs etc. The shoreline samples were collected in durable plastic bags 
partially filled with lake water. The planktonic and shoreline algae samples were stored in a cool 
location out of direct sunlight and returned to the lab, and then were placed in a growth chamber 
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set on a 16:8 hr light/dark cycle at a temperature from 12 to 20 °C, depending on the collection 




Chlorophyll-a samples were collected in a 1-L amber high density polyethylene bottle (Thermo 
Fisher, ID# DS2185-0032), with approximately 10% of the bottle left unfilled for headspace. The 
samples were kept on ice until returning to the lab, where they were filtered using glass 
microfiber filters (Whatman, ID# 1822-025), and frozen. After being frozen for at least four 
hours the samples were extracted with 90% acetone, and then analyzed with a Turner Designs 
TD-700 fluorometer within their 28-day hold time following methods for the determination of 
chlorophyll-a, corrected for phaeophytin-a (Table 1).  
  
Dissolved Silica 
Dissolved silica samples were filtered in the field using 0.45-µm syringe filters (Millipore 
Sigma, ID#SLHV033NS) and collected in 15-mL sterile polypropylene centrifuge tubes 
(Thermo Scientific, ID# 339650). The samples remained on ice until returned to the lab, and then 
were kept in the refrigerator until they were analyzed within their 28-day hold time. All samples 
were analyzed using a Thermo Scientific Genesys 10S UV-VIS spectrophotometer and 10-mm 
methylacrylate cuvettes (Turner Designs, ID# 7000-959) following the molybdosilicate method 




Unfiltered samples were combined the 1-L clear high density polyethylene bottle (Thermo 
Fisher, ID#N319-1000) that was acid washed with 2N hydrochloric acid and capped with no 
head space. Samples were stored on ice until they could be processed in the lab, where the 
alkalinity samples were partitioned into 125-mL clear polyethylene bottles (Thermo Fisher, 
ID#N319-125), leaving no head space. These samples were analyzed within seven days of 
collection using a low alkalinity titration method (Table 1).  
  
Turbidity 
Turbidity analysis used the unfiltered samples that were combined in the 1-L clear high density 
polyethylene bottle (Thermo Fisher, ID#N319-1000) that was acid washed with 2N hydrochloric 
acid and capped with no head space. The samples were stored on ice until they could be 
processed in the laboratory, within 48 hours of collection, using a Hach 2100N turbidimeter 
(Table 1).  
  
Nutrient Analysis 
Unfiltered samples were collected for total phosphorus and total nitrogen in the combined 1-L 
clear high density polyethylene bottle (Thermo Fisher, ID#N319-1000). Soluble reactive 
phosphate and nitrate+nitrite samples were filtered through 0.45-µm syringe filters (Millipore 
Sigma, ID#SLHV033NS) into a 10-mL threaded transport tube (Thermo Fisher, ID#S40301). 
The inorganic nitrogen samples were analyzed to measure the combined concentrations of nitrate 
and nitrite. Because nitrite concentrations in lakes where oxygen is present are typically below 
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the analytical detection limit, it is likely that nitrate makes up the majority of the combined 
measurement (Matthews et al. 2018; Wetzel et al. 2001). Accordingly, I will refer to the 
combined nitrate+nitrite as “nitrate” for the remainder of this thesis. All nutrient samples were 
stored on ice until they were back in the laboratory, and were analyzed within 28 days of 
collection using an OI Analytical FS 3100 auto analyzer by the Institute for Watershed Studies, 
Western Washington University (Table 1).  
  
Metals 
Total and dissolved metals samples were collected at each site as a contribution to another 
Huxley College thesis project. The total metals samples were unfiltered, while dissolved metals 
samples were filtered in the field through a 0.45-µm syringe filter (Millipore Sigma, 
ID#SLHV033NS). Approximately 14-mL of sample was added to a 15-mL sterile polypropylene 
centrifuge tube (Thermo Scientific, ID# 339650) that was kept on ice until returning to the lab, 
where the samples then were acidified with 2-drops of trace metals grade nitric acid (Sigma-
Aldrich, ID#225711) and stored in the refrigerator to be analyzed within six months of 
collection. The results from these analyses will be used by another Western Washington 
University graduate student (personal communication, Jeff Pratt, Western Washington 
University, September 2018) and will not be discussed further in my study. 
  
Ions 
Ion samples were filtered through a 0.45-µm syringe filter (Millipore Sigma, ID#SLHV033NS) 
in the field and collected in 1.5-mL microcentrifuge tubes (Thermo Fischer, ID#05-408-129). 
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Samples were stored on ice until returning to the lab, where they were transferred to the 
refrigerator prior to analysis within their 28-day hold time. Samples were analyzed for fluoride, 
chloride, and sulfate using the high performance liquid chromatograph system, equipped with a 
Thermo Scientific IonPac AS22 fast analytical column (ID#: 072782) located in Western 
Washington University’s Scientific and Technical Services laboratory. Analyses were conducted 
by Dr. Ruth Sofield and the Scientific and Technical Services staff, following the methods stated 
in Table 1.  
 
Total and Dissolved Organic Carbon 
Samples were collected in the field using 40-mL glass vials certified for total organic carbon 
(Qorpak, ID#GLC-06161). The total organic carbon vials were filled with unfiltered water; the 
dissolved organic carbon vials were filled with water that had passed through a 0.45-µm syringe 
filter (Millipore Sigma, ID#SLHV033NS). Both total and dissolved organic carbon samples were 
acidified in the field with 2 drops of 1N hydrochloric acid (Thermo Fischer, ID#7647-01-1) and 
stored on ice until returning to the lab. The samples were analyzed using Shimadzu TOC-L total 
organic carbon analyzer by the Institute for Watershed Studies within their 7-day hold time 
(Table 1).  
 
Quality Control 
To ensure the greatest accuracy and precision in the water quality data, field duplicates and 
laboratory duplicates were analyzed for 10% of all laboratory samples. Matrix spikes and check 
standards were included in the analytical process for analyses run by the Institute for Watershed 
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Studies, as well as dissolved silica. Check standards were also utilized in the alkalinity, fluoride, 
chloride, and sulfate analyses. 
 Analytical detection limits and confidence limits were calculated for all laboratory 
analyses following the American Public Health Association methodology (APHA 2017) and are 
displayed in Table 1. Measurements below their analytical detection level were replaced with a 
random value between zero and the detection limit based on an equal probability distribution. 
The substitution method using an equal distribution was chosen to avoid subjecting the data to 
the assumptions of other distributions.  
 
Algae Identification 
Algae were identified to the lowest practical taxonomic level by Dr. Robin Matthews, Institute 
for Watershed Studies, Western Washington University, using a Nikon Eclipse 80i microscope 
with phase contrast and Nomarski optics and a Tescan Vega 1 scanning electron microscope. 
The taxonomic identifications excluded diatoms (class Bacillariophyceae) because, given the 
processing required for diatom taxonomy, it would have more than doubled the time spent on 
taxonomy. In addition, algal taxonomy reported by Pfannenstein (2016) revealed that the diatom 
species found in these lakes were mostly common taxa that would not be strong contenders for 
bioassessment (Matthews, personal communication). For the purpose of my research, the algal 







Statistical analyses were conducted using the open source statistical software R (R Core Team 
2017). Univariate descriptive statistics were used to explore trends in the water quality data and 
algal species richness. The Kruskal-Wallis rank sum test, a nonparametric alternative to 
ANOVA, was used to determine if the variables significantly differed among lakes (Hollander 
and Wolfe 1973). If a significant difference was found, a pairwise Wilcoxon test was conducted 
to identify which lakes were significantly different from one another (Hollander and Wolfe 
1973). The Holm’s p-value adjustment was used to account for multiple comparisons in both the 
Kruskal-Wallis and pairwise Wilcoxon rank sum tests (Holm 1979). Boxplots for individual 
water quality parameters were also plotted over time to help visualize temporal trends. 
 Bivariate correlations were conducted using Kendall’s tau nonparametric correlation 
analysis, which evaluated the monotonic relationships between water quality variables (Kendall 
1976). Principal components analysis performed on the singular value decomposition of the 
centered and scaled data matrix was used to identify important relationships within both the 
water quality and algal presence-absence data (Praus 2005). The principle component scores 
were then used as new variables to establish stable clusters via hierarchical clustering with 
Euclidean distance and Ward’s minimum variance (Ben-Hur & Guyon 2003). Association 
analysis with a chi-squared test was used to evaluate if the stable clusters differed significantly 
from one another (Agresti 2007). 
Percent oxygen saturation, total organic carbon, soluble reactive phosphate, and nitrate 
were omitted as variables in the principal components analysis. Percent oxygen saturation was 
removed to avoid redundancy with dissolved oxygen concentration. Similarly, total organic 
carbon was removed because it was highly correlated and largely redundant with dissolved 
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organic carbon. Nitrate and soluble reactive phosphate were removed because they both had 
many values that were below their analytical detection limits (45% and 50%, respectively).  
 
Results & Discussion  
Univariate Statistics 
Univariate summary statistics for the water quality data are included in Table 2 and the data are 
plotted by sampling date in Figures 1-13. The figures show boxplots of the data for all lakes 
combined (n=6) and for the three lake groups that were identified in the multivariate analyses 
(see Water Quality Principal Components Analysis and Hierarchical Clustering Results 
Subsection). The water temperature in all six lakes followed seasonal air temperature patterns of 
warming and cooling. Temperatures warmed throughout the early summer, peaked in August, 
and then cooled in September and October (Figure 1). The water temperature of the lakes ranged 
from 6.4 to 23.7 °C during the sampling period, with no statistically significant differences 
among the lakes (Table 2.0). The surface waters of the six lakes were mostly well oxygenated 
with concentrations ranging from 5.3 to 11.7 mg/L. With the exception of Myrtle Lake, the 
dissolved oxygen concentrations reflected seasonal patterns of water temperature, with higher 
oxygen concentrations present when the temperatures were colder (Figure 2). Myrtle Lake was 
the only lake that exhibited consistent depletion of dissolved oxygen and had significantly lower 
dissolved oxygen concentrations compared to all other lakes (Table 2, p-value <0.05).  
The pH values for all six lakes were slightly acidic, ranging from 5.1 to 6.9, with no 
significant differences among lakes except for Lake Twenty-two, which had a significantly 
greater pH compared to Heather Lake (Table 2.0, p-value <0.01). Each lake exhibited low ionic 
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strength, which was characterized by low specific conductance and alkalinity concentrations 
(<35.0 µS/cm and <15.0 mg/L CaCO3, respectively). Median specific conductance and alkalinity 
values generally increased throughout the summer (Figures 4 and 5). Both median specific 
conductance and alkalinity differed among most lakes. Alkalinity was the same in Heather Lake 
and Lake Evan, and specific conductance was the same in Heather and Boardman Lakes (Table 
2, p-value <0.05). Myrtle Lake had the highest concentrations of both alkalinity and specific 
conductance (Figures 4 and 5). All lake exhibited very low turbidity throughout the sampling 
season (<1.0 NTU; Table 2). 
Chlorophyll concentrations ranged from 0.0 to 9.7 mg/m3, with the highest concentrations 
measured during August and September. Because of the large seasonal variations in the 
chlorophyll values at most lakes, only Myrtle Lake and Lake Twenty-two had significantly 
different median chlorophyll concentrations (Table 2; p-value <0.01).  
Concentrations of dissolved silica ranged from 0.6 to 2.6 mg/L (Figure 7). Bear Lake had 
significantly lower dissolved silica concentrations than all of the other lakes except Myrtle Lake, 
and Lake Twenty-two had significantly greater dissolved silica concentrations compared to 
Heather and Boardman Lakes (Table 2, p-values <0.05).  
Total phosphorus concentrations ranged from 0.7 to 19.1 µg-P/L (Figure 8). Both Myrtle 
Lake and Lake Evan had significantly greater total phosphorus concentrations than the other four 
lakes (Table 2, p-value <0.05). Soluble reactive phosphate concentrations were low in all lakes 
(<6 µg-P/L; Figure 9), with 50% of the measurements below the analytical detection limit of 1.7 
µg-P/L. Total nitrogen values ranged from <57.8 µg-N/L (analytical detection limit) to 343.6 µg-
N/L, and did not change dramatically between June and October (Figure 10). Myrtle and Heather 
Lakes had significantly higher total nitrogen concentrations compared to the other sites (Table 2, 
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p-value <0.05). Nitrate values were also low in all lakes, with 45% of the measurements below 
the analytical detection limit of 12.2 µg-N/L. The maximum nitrate concentration recorded was 
104.6 µg-N/L. Nitrate concentrations fluctuated throughout the season (Figure 11), but because 
nearly half of the samples were below the analytical detection limit, statistical analyses were not 
appropriate.   
Both total and dissolved organic carbon displayed little fluctuation during the sampling 
period (Figures 12 and 13), but the lakes could be separated into three distinct groups (Table 2). 
Lake Evan and Myrtle Lake had the greatest concentrations of total organic carbon (4.9 to 6.6 
mg/L) and dissolved organic carbon (4.8 to 5.6 mg/L). Bear and Boardman Lakes formed an 
intermediate group, with total and dissolved organic carbon concentration ranging from 2.4 to 
3.7 mg/L and 2.3 to 3.2 mg/L, respectively. Heather Lake and Lake Twenty-two had the lowest 
organic carbon concentrations, with their total and dissolved organic carbon concentrations 
ranging from 0.3 to 0.8 mg/L and 0.3 to 1.2 mg/L, respectively. Dissolved organic carbon made 
up the majority of the total organic carbon in all six lakes, which is typical of unproductive lakes 
(Wetzel, 2001). The lack of substantial particulate organic carbon concentrations is confirmed by 
the low turbidity measurements in all six lakes (Table 2).  
The ion chromatography results for fluoride, chloride, and sulfate are included for three 
of the seven sampling trips (July 24-25, August 14-16, and August 28-29); the remaining 
samples were rejected because the analyses were not completed within the required 28-day 
holding times (APHA 2017). Due to the violation of hold times, all ion chromatography results 
were excluded from multivariate statistical analyses. 
Only three of the eighteen fluoride samples had concentrations greater than the 0.1 mg/L 
analytical detection limit. These three samples were from Bear Lake, Boardman Lake, and Lake 
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Twenty-two. The maximum fluoride concentration recorded was 0.4 mg/L in Lake Twenty-two 
(Aug. 28, 2017). Fluoride is difficult to analyze using ion chromatography due to the common 
interfering matrices associated with freshwater samples (APHA 2017) and was therefore 
excluded from further water quality discussion.  
 All chloride and sulfate samples were above their analytical detection limits of 0.2 mg/L 
and 0.4 mg/L, respectively (Table 1). The median chloride concentrations ranged from 0.8 mg/L 
in Myrtle Lake to 2.1 mg/L in Lake Twenty-two, while the median sulfate concentrations ranged 
from 0.7 mg/L in Myrtle Lake to 1.7 mg/L in Lake Twenty-two (Table 2). The sulfate 
concentrations of all six lakes were considered low (<3 mg/L; Wetzel 2001), but were slightly 
elevated compared to the earlier reports of the sulfate concentrations in the lakes (Pfannenstein 
2016).  
Algal species richness ranged from 14 to 114 species in a single sample and no 
significant differences among lakes were observed (Appendix 2.b). There was a general increase 
in algal species richness from June through August before decreasing in September and October 
(Figure14). This trend in algal species richness reflected the seasonal trend observed in water 




Kendall’s tau correlations were computed for each of the 105 unique pairs of water quality 
variables, which produced 47 significant correlations (Appendix 3). Many of these significant 
correlations demonstrate well established relationships between physical, chemical, and 
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biological properties of fresh water. For example, dissolved oxygen concentrations were 
negatively correlated with water temperatures (τ = 0.506, p-value <0.0001), which reflects the 
inverse relationship between temperature and the solubility of gas in water. Alkalinity and 
specific conductance were positively correlated (τ = 0.802, p-value <0.0001). This relationship 
exists because alkalinity and specific conductance are both measures of ion concentration, but 
alkalinity only measures the portion of ions with the ability to accept a proton. Chlorophyll was 
positively correlated with increasing nutrient concentrations of total phosphorus and total 
nitrogen, as well as total organic carbon and dissolved organic carbon (τ = 0.433, p-value 
<0.0001; τ = 0.547, p-value <0.0001; τ = 0.423, p-value <0.0001; τ = 0.402, p-value <0.001, 
respectively). In addition to being two of the primary nutrients for algal production, total 
phosphorus and total nitrogen are also components of algal biomass, so increasing any one of 
this set will often correlate positively with the other two parameters. Organic carbon can be 
utilized by algae, but like phosphorus and nitrogen, it is also present within algae, so both total 
and dissolved organic carbon may be positively correlated with chlorophyll because they are 
algal constituents.  
Bivariate correlations helped display the relationship between algal species richness and 
the water quality conditions of the lakes. Algal species richness had significant correlations with 
10 out of the 14 water quality parameters measured (Table 3). Algal species richness was 
positively correlated with algal biomass as measured by chlorophyll (τ = 0.518, p-value 
<0.0001). This significant positive correlation suggests that increased algal biomass in my six 
lakes was not monopolized by a few dominant species, but rather a rich assemblage of algae.  
Both total phosphorus and total nitrogen were positively correlated with algal species 
richness (τ = 0.230, p-value <0.05; τ = 0.372, p-value <0.001). These two positive correlations 
likely exist because both phosphorus and nitrogen are essential to algal production and typically 
26 
 
limit algal growth in lakes (Nydick et al. 2004; Schindler 1977; Wetzel 2001). Nitrate was 
negatively correlated with algal species richness in my six lakes (τ = -0.258, p-value <0.05).  
This negative correlation is assumed to exist because nitrate, typically scarce in mountain lakes, 
is consumed during algal production and results in greater chlorophyll concentrations found to be 
correlated with increased algal species richness in my six lakes. The negative correlation of algal 
species richness and dissolved silica (τ = -0.271, p-value <0.05) likely exists for a similar reason, 
because dissolved silica is utilized by some groups of algae including diatoms and chrysophytes 
(Wetzel 2001). 
Total and dissolved organic carbon were positively correlated with algal species richness 
(τ = 0.311, p-value <0.05; τ = 0.293, p-value <0.05), which echoes the findings of previous 
research on these lakes (Pfannenstein 2016). This relationship is partially explained by the 
positive correlation between algal species richness and algal biomass (τ = 0.518, p-value 
<0.0001), which exists because organic carbon is a constituent of algal biomass.   Since organic 
carbon is generated from both allochthonous and autochthonous sources it is likely that both 
physical watershed characteristics as well as algal biomass influence the positive correlation 
between both total and dissolved organic carbon and algal species richness (Hood et al. 2003; 
Wetzel 2001). Algal richness was also positively correlated with turbidity (τ = 0.315, p-value 
<0.05). In my lakes this relationship is likely linked to increased algal production causing more 
particulate matter in the water column, thus reducing water clarity. 
Algal species richness was positively correlated with water temperature (τ = 0.353, p-
value <0.05) and negatively correlated with dissolved oxygen (τ = -0.439, p-value <0.0001). 
These correlations are probably indicators of seasonal patterns because cold, oxygen rich 
conditions occurred at the beginning of my sampling season when the lakes had recently thawed 
and algal species richness was low. The positive correlation between algal species richness and 
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water temperature is of particular interest to my study. As seen in Figures 1 and 14, algal species 
richness follows the patterns seen in the lake’s water temperature, with a slight delay. This delay 
probably results from population dynamics, with the algae needing some time to acclimate to the 
warming water temperatures prior to increased production. 
 This relationship between peak algal species richness and water temperature has 
important management implications for sampling algae in mountain lakes. Shorter growing 
seasons and difficult access make mountain lakes challenging and expensive to sample. Often, 
only a single sample will be collected every year, or less frequently. When exploring algal 
communities in mountain lakes it is important to sample during times of peak algal species 
richness. My results suggest that water temperature plays an important role in determining the 
timing of peak algal species richness in mountain lakes. One could easily misrepresent the 
richness of a lake by sampling too early or too late during the short period when the lake is 
accessible. My results suggest that algal sampling in the North Cascades should occur during late 
summer (mid-August through early-September), when the lakes have warmed up. All six lakes in 
my study exhibited peak richness during this timeframe. These findings are consistent with the 
suggestions by Hoffmann et al. (2005) for monitoring mountain lakes and ponds, who suggest 
that the biota of mountain lakes should be sampled in July and August to avoid only sampling 
during early season cold water conditions.  
 
Water Quality Principal Components Analysis and Hierarchical Clustering Results 
The principal components analysis of the water quality variables included water temperature, 
dissolved oxygen concentration, pH, specific conductance, alkalinity, chlorophyll, turbidity, 
dissolved silica, total phosphorus, total nitrogen, and dissolved organic carbon. Percent 
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saturation of dissolved oxygen, total organic carbon, soluble reactive phosphate, and nitrate were 
all omitted from the principal components analysis for the reasons described in the methods 
section. The variance plot for the water quality data (Figure 16) suggested that the first four 
principal components were sufficient to ordinate the samples, as indicated by the drop off in 
variance. The first four principal components were used and explained 83.2% of the total 
variance within the water quality dataset. Principal component one ordinated along a nutrient and 
dissolved oxygen gradient that was influenced primarily by total nitrogen, total phosphorus, 
dissolved organic carbon, and dissolved oxygen (Table 4 and Figure 17). The ordination of 
principal component two was most impacted by alkalinity, specific conductance, and turbidity. 
Principal components three and four were ordinated by water temperature and pH, and pH and 
silica, respectively. 
Hierarchical clustering on the first four principal components revealed three distinct, non-
random clusters (Figure 18; χ-squared =71.4, p-value <0.0001). The first cluster was made up of 
all seven samples from Myrtle Lake. Cluster two was dominated by samples from Bear Lake and 
Lake Evan, although it also contained the fourth sample from Heather Lake and fifth sample 
from Boardman Lake. The final group contained all samples collected from Lake Twenty-two, 
the remaining six samples from both Heather and Boardman Lakes, as well as the first sample 
from Bear Lake. The misclassifications of the fourth Heather Lake sample and fifth Boardman 
Lake sample were likely caused by atypically high chlorophyll concentrations. The 
misclassification of the first Bear Lake sample was likely due to its reduced total nitrogen 
concentration compared to later sampling dates. The separation of these three lake groups can be 
attributed primarily to the consistent differences in concentrations of nutrients, dissolved organic 
carbon, dissolved oxygen, alkalinity, and specific conductance in the six lakes that were not 
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always significant in the univariate tests, but collectively formed distinctive multivariate 
patterns.  
Myrtle Lake clustered by itself because it had higher concentrations of nutrients, 
dissolved organic carbon, specific conductance, alkalinity, as well as lower dissolved oxygen 
concentrations. Bear Lake and Lake Evan clustered with one another because they had 
intermediate nutrient and dissolved organic carbon concentrations, as well as lower specific 
conductance and alkalinity concentrations. Heather Lake, Lake Twenty-two, and Lake Boardman 
clustered together because they had lower nutrient and dissolved organic carbon concentrations, 
as well as intermediate alkalinity and specific conductance concentrations.  
 
Algal Taxonomy Results 
A total of 341 unique algal taxa, representing 9 phyla and 34 orders, were identified from my 
sites during the sampling period. As explained in the methods section, this did not include 
diatoms, which would have added about 65 additional taxa based on the diatoms present in the 
six lakes during a previous study (Pfannenstein 2016). For simplification, the taxa were 
organized into four major taxonomic groups: cyanobacteria, desmids, green algae, and “other.” 
The green algae group, for the purpose of my study, was defined as algae belonging to the 
Chlorophyta and Charophyta/Streptophyta divisions, excluding Desmidiales (desmids). Desmids 
(Charophyta/Streptophyta), had the greatest taxa richness of any major algal group, with 185 
unique taxa. The rest of the green algae had the second greatest richness, with 63 unique taxa 
(Table 5).  
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Algal species richness generally increased from June through August, before declining in 
September and October (Figure 14). Heather Lake experienced more than a five-fold increase in 
species richness between the first sampling date and its peak richness on the fifth sampling trip. 
This variation is likely due to changing water temperatures, as supported by the significant 
positive correlation between water temperature and species richness. 
Out of the 341 taxa, only 46 were collected in all six lakes, while 95 were collected from 
single lakes. When the presence-absence taxa lists were combined for each lake, Myrtle Lake 
had the greatest combined algal species richness, followed by both Bear Lake and Lake Evan 
(Table 5). Heather Lake, Lake Twenty-two, and Boardman Lake had the lowest total combined 
species richness. Desmids were the largest contributing taxonomic group in all lakes, ranging 
from 72 taxa in Lake Evan to 97 taxa in Myrtle Lake. The remaining green algae were the 
second largest contributing group, ranging from 29 taxa in Boardman Lake to 42 taxa in Myrtle 
Lake. When comparing individual samples desmids contributed the largest number of taxa in 38 
of the 42 samples; in the remaining four samples, green algae were the most prevalent. The high 
desmid species richness of these lakes is probably because they are all slightly acidic, with low 
alkalinities and conductivities, which create favorable habitat for desmids (Brook 1981; Coesel 
and Meesters 1991).  
Algal species composition for each sample was examined by calculating the percentage 
of species belonging to each of the four major taxonomic groups. The algal species richness 
groups did not exhibit any seasonal variation (Figure 15). This finding was surprising and is 
counter-intuitive to general algal community ecology concepts, which suggest that algae follow 
predictable patterns of seasonal succession (Wetzel 2001). Typically, diatoms and chrysophytes 
dominate during cooler spring conditions, before giving way to cyanobacteria and green algae in 
the summer and fall (Salmaso 2000; Wetzel 2001). But I was unable to access my lakes early 
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enough to sample true spring conditions, so I would not have been able to see this pattern, if it 
was present. Wong (2013) observed the general succession from diatoms and chrysophytes to 
chlorophyta and cyanobacteria in four mountain lakes of the North Cascades. Though Wong 
(2013) sampled from August through October, her lakes were at a greater elevation and still had 
partial ice cover when she began sampling, which likely allowed her to characterize the 
succession from early to late season taxa. In addition, I measured species richness, but not 
species densities. Had I measured density using cell counts or biovolume, a pattern of seasonal 
succession may have emerged. Omitting diatoms from this study also contributed to not 
observing seasonal changes because diatoms are often among the most common algal taxa 
present in early spring. Previous studies found diatoms to be major contributors to algal species 
richness in in the mountain lakes of the North Cascades (Pfannenstein 2016; Wong 2013). 
Pfannenstein (2016) found, however, that despite the large species richness of diatoms in North 
Cascades lakes, diatoms were poor indicators of water quality in the lakes she studied.  
 
Algal Species Composition Principal Components Analysis and Hierarchical Clustering 
Results 
Principal components analysis was used to identify which algal taxa were responsible for the 
ordination of sites. The variance plot for the algae data (Figure 19) suggested that the first four 
principal components were sufficient to ordinate the samples, as indicated by the drop off in 
variance. Therefore, the first four principal components were used and explained 32.9% of the 
variance in the algae dataset (Figure 19); these components were used for hierarchical clustering 
of the sites. Desmids were responsible for most of the taxa with high loading scores (positive or 
negative) in each of the first three principal components (Table 6).  
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Hierarchical clustering on the first four principal components of the algae presence-
absence data generated strikingly similar results to the water quality data, with only 3 of the 42 
samples being classified differently between the two analyses (Table 7). The cluster dendrogram 
generated three statistically different groups (Figure 20; χ-squared =74.87, p-value <0.0001). The 
first algal cluster group was made up of all seven Myrtle Lake samples, which matched exactly 
with the water quality clustering results for Myrtle Lake. The second algal cluster group 
contained all but two samples from Lake Evan and Bear Lake. The final algal cluster group 
contained the two samples from Lake Evan and Bear Lake, as well as all of the samples from 
Heather Lake, Boardman Lake, and Lake Twenty-two. The misclassified samples from Lake 
Evan and Bear Lake were collected at the beginning of my sampling period, and are likely a 
result of the lakes still exhibiting cold water conditions, which resulted in an algal species 
composition more closely resembling Heather Lake, Boardman Lake, and Lake Twenty-two.  
  
Comparison of Water Quality and Algae Clustering Groups 
Both the water quality and algae species richness data formed the same three groups of lakes, 
based on the hierarchical clustering of the first four principal components for the water quality 
and algal ordinations. Myrtle Lake formed a distinct clustering group containing all seven 
samples based on both the water quality and the algal data. The lake’s water quality is 
characterized by having higher nutrient concentrations and more dissolved ions than the other 
lakes (Table 2). Myrtle Lake also had significantly lower dissolved oxygen than the other study 
lakes, and exhibited depletion throughout the growing season. This depletion was likely due to 
biochemical oxidation exceeding oxygen production within the lake (Figure 2). Myrtle Lake had 
the highest median concentration of total phosphorus and was closely behind Bear Lake for the 
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highest total nitrogen concentrations. Both Myrtle and Bear Lakes had the greatest total and 
dissolved organic carbon concentrations, which were significantly greater than the rest of the 
lakes. Myrtle Lake had significantly greater specific conductance and alkalinity than the other 
lakes. These water quality characteristics were associated with its distinct algal species 
composition.  
Bear Lake and Lake Evan clustered together for both the water quality and algal species 
composition because they are characterized by having intermediate nutrient concentrations, as 
well as the lowest alkalinity and specific conductance values (Table 2). Bear Lake and Lake 
Evan had the second and third highest median total nitrogen, total organic carbon, and dissolved 
organic carbon concentrations behind Myrtle Lake. While having the second and fourth highest 
median total phosphorus concentrations. Both Bear Lake and Lake Evan exhibited the lowest 
two median alkalinity values, while presenting the second and fourth lowest median specific 
conductance respectively.  
Boardman Lake, Heather Lake, and Lake Twenty-two clustered with one another for both 
their water quality characteristics and algal species composition. The clustering of this group was 
driven by their low nutrient concentrations, as well as moderate specific conductance and 
alkalinity when compared to the other two cluster groups. All three lakes exhibited the lowest 
total phosphorus, total nitrogen, and organic carbon medians compared with the other lakes 
(Table 2). Boardman Lake, Heather Lake, and Lake Twenty-two had intermediate alkalinity and 
specific conductance values that were less than Myrtle Lake, but higher than Lake Evan and Bear 
Lake 
Physical basin characteristics are known to impact nutrient availability, pH, alkalinity, 
and other dissolved substances (Kamenik et al. 2001). Boardman Lake, Heather Lake, and Lake 
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Twenty-two, which formed one of the water quality cluster groups, have similar geomorphic and 
physical characteristics. All three are cirque lakes with at least a portion of their shoreline 
dominated by the talus slopes of the surrounding peaks. The littoral zones of these lakes were not 
heavily vegetated with macrophytes, and what macrophytes did exist tended to occur closer to 
the outlet of each lake. Myrtle Lake, which formed its own water quality group, Lake Evan and 
Bear Lake, which formed the intermediate water quality group, have similar physical and 
geomorphic characteristics, as well. These lakes are characterized by glacially scoured 
watersheds that have a more gradual elevation gain in comparison to the cirque lakes (Boardman 
Lake, Heather Lake, and Lake Twenty-two). Myrtle Lake, Lake Evan, and Bear Lake contained 
more aquatic vegetation, with macrophytes typical along the entire shorelines. The inclusion of 
additional watershed characteristics on factors such as basin slope, land cover, vegetation, soil, 
and geologic setting might have provided further insight into the water quality separations of the 
lake groups in my study. 
 The striking similarity between the principal component analysis cluster membership of 
both the water quality and algal species composition in my study suggests that an index based on 
algal species composition could be a useful tool in monitoring the water chemistry of mountain 
lakes in the North Cascades. The similarity shows that the water quality conditions and algal 
species composition are associated within the lakes. Due to the species richness of desmids in 
these mountain lakes, such an index should feature desmids, and might be constructed similarly 
to the index presented by Brook (1965) or Coesel and Meesters (2007). 
The cluster memberships display the variety of lacustrine habitats in the North Cascades, 
rather than a comparison of good and bad water quality. The trophic status of each lake was 
estimated using Carlson’s Trophic State Index based on their chlorohyll-a concentrations 
(Carlson 1977).  Median trophic state index values classified Myrtle Lake as mesotrophic (TSIchla 
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40-50), while the rest of the lakes were classified as oligotrophic (TSIchla >40; Table 2). Nutrient 
concentrations remained relatively constant throughout the growing season and were similar to 
concentrations reported by Pfannenstein (2016), suggesting short-term stability in the water 
quality conditions within the lakes. The rich desmid flora also implies stable water quality 
because of the difficulties associated with desmid dispersal and repopulation (Brook 1981).  
According to the index developed by Coesel and Meesters (2007) the specific 
composition of desmid taxa in each lake continues to suggest stable and healthy water quality 
conditions. This index ranks desmid species by their rarity and ecological sensitivity. Both rarity 
and sensitivity were determined by the authors’ professional judgement after decades of field 
observations and studies of desmids in a variety of lacustrian habitats.  The rarity ranks may not 
be applicable to local desmid populations, because they are based on desmid distributions in the 
Netherlands. However, the rarity ranks are still relevant to my study because many of the desmid 
taxa in the Netherlands became rare due to changes in their environmental conditions and may be 
the first taxa to disappear in the North Cascades as well. The ecological sensitivity scores 
represent how changing environmental conditions, such as acidification or eutrophication, may 
impact the algal species composition of the mountain lakes in my study, as well as other 
mountain lakes in the North Cascades. Of the 185 desmid taxa identified in my study 135 of the 
taxa were included in the index developed by Coesel and Meesters (2007). The 50 taxa not 
included in the index were likely omitted because they were not common enough in the 
Netherlands, where the index was designed for. Ninety-nine of the 135 desmid taxa identified are 
considered to be ecologically sensitive to environmental change, ranging from “moderately” to 
“extremely” sensitive. Of these sensitive taxa, 22 were considered to be “extremely” sensitive. 
This index also categorized rare desmid species from “rather rare” to “very rare.” My lakes 
contained 94 desmid species that would be classified as rare, 27 of which would be considered to 
36 
 
be “very rare” according to Coesel and Meesters (2007). There were also 23 species of desmids 
found in the lakes that were given Red List designation that identifies species which are rarely 
misclassified, indicative of vulnerable habitat, and are rare due to habitat loss (Coesel and 
Meesters 2007).  
The presence of so many ecologically sensitive taxa further supports the notion of stable 
water quality conditions, because changes in aquatic conditions, such as pH or nutrient 
availability, would likely result in the disappearance of many desmid taxa. Most desmids are 
indicative of highly structured aquatic environments that develop over long periods of time, 
which may require years to restore (Coesel and Meesters 2007). Europe has seen a major 
collapse in desmid populations as a result of anthropogenic changes associated with increased 
development and cultivation of watersheds (John and Williamson 2009). This collapse was likely 
a result of increasing nutrient availability associated with widespread development, which 
allowed the desmids to be outcompeted by faster growing green algae and cyanobacteria. The 
European case studies should be taken as cautionary tales of the importance of maintaining 
healthy water quality in mountain lakes. Therefore, the lakes in my study are providing valuable 
aquatic habitat that may be acting as a refuge for local desmid populations. Because desmids 
have proven to be sensitive indicators of habitat loss in Europe, and the North Cascades lakes 
contain a rich assortment of rare and sensitive desmids, it seems particularly important that algal 






The primary focus of my study was to examine the water quality conditions, algal species 
composition, and their relationship within six mountain lakes in the North Cascades of 
Washington, USA. Each lake was sampled seven times between June and November 2017 in 
order to characterize its water quality conditions and algal species composition. I focused on 
three specific research objectives: to characterize the water quality conditions and algal species 
composition of the six lakes; to determine if water quality conditions are impacting algal species 
composition; and to identify when peaks of algal species richness occur in the lakes.  
Both the water quality and algal species composition results separated the lakes into three 
nearly identical groups. The water quality of the first group (Myrtle Lake) was characterized by 
greater concentrations of nutrients and dissolved ions comparative to the other five lakes. The 
lakes of the second group (Bear Lake and Lake Evan) had water quality with moderate nutrient 
concentrations, as well as low alkalinity and specific conductance relative to the other lakes. 
Water quality conditions of the third group (Boardman Lake, Heather Lake, and Lake Twenty-
two) were typified by low nutrient concentrations, as well as moderate alkalinity and specific 
conductance when compared to the other lakes. Of the 341 taxa identified, desmids had the 
highest species richness in all six lakes, followed by green algae. Algal species richness was 
positively correlated with water temperature, and peak richness occurred between the middle of 
August and the beginning of September. The similarity of the water quality and algal cluster 
memberships implies that the water quality conditions and algal species composition of the six 
lakes were associated with one another. The observed relationship between algal species 
composition and water quality conditions, and the presence of many sensitive algal taxa indicates 
that algal biomonitoring would be an effective tool for detecting changes in water quality 







Figure 1: Boxplots of water temperature data collected from all seven sampling trips for (A) all 
six lakes combined; (B) Principal component analysis (PCA) water quality group 1; (C) PCA 



















































































Figure 2: Boxplots of dissolved oxygen concentration for (A) all six lakes combined; (B) 
Principal component analysis (PCA) water quality group 1; (C) PCA water quality group 2; (D) 















































































Figure 3: Boxplots of pH for (A) all six lakes combined; (B) Principal component analysis (PCA) 
water quality group 1; (C) PCA water quality group 2; (D) PCA water quality group 3.   
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Figure 4: Boxplots of specific conductance for (A) all six lakes combined; (B) Principal 
component analysis (PCA) water quality group 1; (C) PCA water quality group 2; (D) PCA 























































































Figure 5: Boxplots of alkalinity for (A) all six lakes combined; (B) Principal component analysis 
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Figure 6: Boxplots of chlorophyll-a for (A) all six lakes combined; (B) Principal component 







































































Figure 7: Boxplots of dissolved silica for (A) all six lakes combined; (B) Principal component 















































































Figure 8: Boxplots of total phosphorus for (A) all six lakes combined; (B) Principal component 
analysis (PCA) water quality group 1; (C) PCA water quality group 2; (D) PCA water quality 



























































































Figure 9: Boxplots of soluble reactive phosphate (SRP) for (A) all six lakes combined; (B) 
Principal component analysis (PCA) water quality group 1; (C) PCA water quality group 2; (D) 
PCA water quality group 3. The dashed line displays the 1.7 µg-P/L analytical detection limit for 






























































Figure 10: Boxplots of total nitrogen for (A) all six lakes combined; (B) Principal component 
analysis (PCA) water quality group 1; (C) PCA water quality group 2; (D) PCA water quality 












































































Figure 11: Boxplots of nitrate for (A) all six lakes combined; (B) Principal component analysis 
(PCA) water quality group 1; (C) PCA water quality group 2; (D) PCA water quality group 3. 



























































Figure 12: Boxplots of total organic carbon (TOC) for (A) all six lakes combined; (B) Principal 
component analysis (PCA) water quality group 1; (C) PCA water quality group 2; (D) PCA 






















































Figure 13: Boxplots of dissolved organic carbon (DOC) for (A) all six lakes combined; (B) 
Principal component analysis (PCAP water quality group 1; (C) PCA water quality group 2; (D) 























































Figure 14: Boxplots of algal species richness for (A) all six lakes combined; (B) Principal 
component analysis (PCA) water quality group 1; (C) PCA water quality group 2; (D) PCA 









































































Figure 15: Boxplots of the percent algal species composition from all six lakes for the four major 




































































Figure 16: Variance plot for the principal component analysis based on singular value 
decomposition of the centered, scaled data matrix for the water quality data. 














Figure 17: A plot of the sample loading scores for the first two principal components (PC) from 
the water quality data.  





















Figure 18: Dendrogram from the hierarchical clustering on the first four principal components 
from the water quality data using Euclidean distance and Ward’s minimum variance. The three 







































































































































































































Figure 19: Variance plot for the principal component analysis based on singular value 















Figure 20: Dendrogram from the hierarchical clustering on the first four principal components 
from the algal taxa presence-absence data using Euclidean distance and Ward’s minimum 
variance. The three cluster groups are significantly different based on association analysis (χ-









































































































































































































Table 1: Methodology, detection limit, sensitivity, and quality control data for all water quality 

















Field Temperature Temp YSI PrODO 
- in situ 
-- ± 0.1◦ C* -- -- 
Field Dissolved 
Oxygen 
DO YSI PrODO 
- in situ 
-- ± 0.1 
mg/L* 
-- -- 
Field pH pH YSI 
Pro1030 - in 
situ 





S. Cond. YSI 
Pro1030 - in 
situ 
-- ± 2.1 
µS/cm* 
-- -- 
IWS Lab Alkalinity Alk APHA 
#2320 
-- ± 0.6 
mg/L* 
3.5% 5.3% 
IWS Lab Turbidity Turb APHA # 
2130 





Chla APHA # 
10200 H 
-- ± 0.1 
(µg/L)* 
19.8% 7.5% 
IWS Lab Dissolved 
Silica  
D. Silica Manno et al. 
(1997) 





Nitrate  NO3 APHA # 
4500 NO3 I 
12.2 
(µg-N/L) 







TN APHA # 



































TOC APHA 5310 









Table 1: Methodology, detection limit, sensitivity, and quality control data for all water quality 






















DOC APHA 5310 








Lab - IC 








Lab - IC 








Lab - IC 
Sulfate  SO4 APHA # 
4110 
0.4 (mg/L) ± 0.1 
(mg/L) 
20.4% 23.8% 
AA – autoanalyzer 
TOCA - total organic carbon analyzer 




Table 2: Water quality summary table including min, max, median, and mean values for all 
measured water quality parameters. Group indicates lakes that have significantly different (p 
<0.05) values from one another based on the results of a Kruskal-Wallis and pairwise Wilcoxon 
rank sum test (Appendix 2.b). 
 




2 PCA Group 3 





Min 8.4 8.3 7.6 7.9 6.4 8.8 
Mean 18.0 17.6 18.0 16.0 13.0 15.2 
Median 20.5 20.8 20.6 19.9 13.3 16.6 
Max 23.3 23.2 23.7 20.9 19.5 19.5 




Min 45.2 78.3 85.2 85.4 90.5 90.0 
Mean 71.3 90.5 92.6 91.9 98.6 100.8 
Median 76.0 90.9 94.9 92.7 100.0 104.2 
Max 86.6 96.8 98.4 96.2 102.8 106.3 




Min 5.3 7.9 7.5 8.3 9.0 9.5 
Mean 6.7 8.7 8.9 9.2 10.5 10.2 
Median 6.7 8.5 8.3 8.5 10.6 9.9 
Max 7.9 9.6 10.2 11.2 11.7 11.6 
Group A B BC BC C C 
pH 
Min 5.3 5.2 5.5 5.5 5.1 6.0 
Mean 6.0 5.6 5.9 6.4 5.5 6.3 
Median 6.4 5.5 5.8 6.5 5.4 6.3 
Max 6.7 6.1 6.3 6.9 6.0 6.7 





Table 2: Water quality summary table including min, max, median, and mean values for all measured 
water quality parameters. Group indicates lakes that have significantly different (p <0.05) values from 
one another based on the results of a Kruskal-Wallis and pairwise Wilcoxon rank sum test (Appendix 2.b) 
(continued).  
   
PCA 
Group 
1 PCA Group 2 PCA Group 3 






Min 21.0 6.0 9.1 7.4 8.8 12.8 
Mean 26.7 6.8 10.8 8.7 11.7 15.1 
Median 26.5 6.6 10.5 8.6 11.5 15.3 
Max 33.2 8.0 12.9 9.4 14.4 16.7 




Min 8.5 0.7 1.7 1.4 2.8 4.2 
Mean 11.0 1.1 2.0 2.0 3.8 5.2 
Median 10.5 1.2 1.9 2.1 3.8 5.4 
Max 14.4 1.5 2.3 2.5 5.5 5.9 
Group A B C C D E 
Chlorophyll-
a (mg/m3) 
Min 2.4 0.3 1.1 0.2 0.0 0.3 
Mean 4.9 1.8 3.1 1.4 1.5 1.1 
Median 4.2 1.7 2.4 0.8 1.2 1.3 
Max 9.7 3.7 8.1 5.4 4.9 2.0 
Group A AB AB AB AB B 
Turbidity 
(NTU) 
Min 0.4 0.3 0.5 0.2 0.1 0.2 
Mean 0.6 0.6 0.6 0.3 0.4 0.3 
Median 0.6 0.6 0.7 0.3 0.4 0.3 
Max 0.7 0.9 0.8 0.4 0.9 0.4 





Table 2: Water quality summary table including min, max, median, and mean values for all measured 
water quality parameters. Group indicates lakes that have significantly different (p <0.05) values from 
one another based on the results of a Kruskal-Wallis and pairwise Wilcoxon rank sum test (Appendix 2.b) 
(continued).  
   
PCA 
Group 
1 PCA Group 2 PCA Group 3 





Min 0.6 1.2 1.5 1.7 1.5 2.2 
Mean 1.1 1.3 1.9 1.8 1.7 2.3 
Median 0.8 1.3 2.0 1.8 1.6 2.3 
Max 2.6 1.4 2.4 1.9 2.1 2.4 





Min <1.7 <1.7 <1.7 <1.7 <1.7 <1.7 
Mean <1.7 <1.7 <1.7 2.0 2.3 2.4 
Median <1.7 <1.7 <1.7 1.7 2.6 2.5 
Max 3.2 3.1 3.2 5.0 2.9 5.4 




Min 9.7 2.0 9.0 <1.9 3.3 <1.9 
Mean 12.4 4.3 12.7 2.3 5.6 3.2 
Median 12.4 4.7 11.9 2.9 5.6 3.3 
Max 14.4 6.5 19.1 3.2 8.8 5.2 




Min 226.9 89.0 208.6 61.8 <57.8 64.5 
Mean 273.4 130.0 293.5 81.6 93.9 73.5 
Median 279.0 129.6 311.3 78.7 89.1 69.8 
Max 343.6 177.2 343.1 113.2 169.7 89.4 





Table 2: Water quality summary table including min, max, median, and mean values for all measured 
water quality parameters. Group indicates lakes that have significantly different (p <0.05) values from 
one another based on the results of a Kruskal-Wallis and pairwise Wilcoxon rank sum test (Appendix 2.b) 
(continued).  
   
PCA 
Group 
1 PCA Group 2 PCA Group 3 
    Myrtle Bear Evan Boardman Heather 
Twenty-
Two 
Nitrate   
(µg-N/L) 
Min <12.2 <12.2 <12.2 <12.2 <12.2 <12.2 
Mean 12.4 15.4 23.8 13.3 38.3 26.1 
Median <12.2 <12.2 <12.2 <12.2 17.7 24.3 
Max 24.4 36.5 90.6 36.2 104.6 57.0 





Min 4.9 2.5 5.1 2.4 0.3 0.3 
Mean 5.3 2.8 5.5 2.6 0.6 0.5 
Median 5.5 2.7 5.3 2.5 0.6 0.6 
Max 5.7 3.7 6.6 3.0 0.8 0.8 





Min 4.8 2.3 5.0 2.3 0.3 0.3 
Mean 5.2 2.6 5.3 2.5 0.6 0.6 
Median 5.2 2.6 5.2 2.5 0.8 0.5 
Max 5.6 3.2 6.0 2.9 0.9 1.2 
Group A B A B C C 
Fluoride 
(mg/L) 
Min <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Mean <0.1 N/A <0.1 N/A <0.1 N/A 
Median <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Max <0.1 0.3 <0.1 0.2 <0.1 0.4 





Table 2: Water quality summary table including min, max, median, and mean values for all measured 
water quality parameters. Group indicates lakes that have significantly different (p <0.05) values from 
one another based on the results of a Kruskal-Wallis and pairwise Wilcoxon rank sum test (Appendix 2.b) 
(continued).  
   
PCA 
Group 
1 PCA Group 2 PCA Group 3 





Min 0.5 0.6 0.8 0.8 0.7 1.2 
Mean 0.8 1.2 0.9 1.5 1.1 2.3 
Median 0.7 1.3 0.8 1.3 1.0 2.1 
Max 1.2 1.7 1.1 2.3 1.5 3.5 
Group A A A A A A 
Sulfate 
(mg/L) 
Min 0.6 0.9 0.9 1.1 1.3 1.4 
Mean 0.7 1.0 1.2 1.2 1.3 2.5 
Median 0.7 1.1 1.2 1.2 1.3 1.6 
Max 0.9 1.1 1.6 1.4 1.3 1.9 





Min 39.3 20.0 31.4 13.2 -3.8 19.1 
Mean 45.3 34.4 39.6 28.9 25.1 29.2 
Median 44.6 35.8 39.2 28.7 32.5 33.2 
Max 52.9 43.5 51.1 47.1 46.3 37.3 




Table 3: Kendall’s tau correlation statistic and p-value between algal species richness and the 
water quality parameters. 
 
WQ Parameter Kendall’s Tau p-value 
Water Temperature 0.352 1.1e-3* 
Dissolved Oxygen -0.436 4.6e-5*** 
pH -0.043 0.68 
Specific Conductance 0.157 0.13 
Alkalinity 0.086 0.42 
Chlorophyll-a 0.515 1.6e-6*** 
Turbidity 0.310 3.6e-3* 
Dissolved Silica -0.272 1.2e-2* 
Soluble Reactive Phosphate -0.077 0.48 
Total Phosphorus 0.224 3.3e-2* 
Total Nitrogen 0.364 5.3e-4** 
Nitrate -0.255 1.7e-2* 
Total Organic Carbon 0.312 4.4e-3* 
Dissolved Organic Carbon 0.290 7.3e-3* 





Table 4: Variable loading scores (VLS) ranked in order of absolute value for the first four 
principal components (PC) of the water quality data. 
PC 1 PC 2 PC 3 PC 4 
Parameter VLS Parameter VLS Parameter VLS Parameter VLS 
Total 
Nitrogen 
0.4036 (+) Alkalinity 0.5690 (-) 
Water 
Temperature 













0.3799 (+) Turbidity 0.3955 (+) 
Dissolved 
Oxygen  
0.3191 (-) Alkalinity 0.2389 (+) 
Dissolved 
Oxygen  
0.3602 (-) pH 0.3032 (-) 
Dissolved 
Silica 
0.3163 (-) Total Nitrogen 0.2331 (-) 




















































0.0717 (+) Chlorophyll-a 0.0228 (+) Chlorophyll-a 0.0335 (-) 











Table 5: The number and percentage of unique taxa belonging to the four major taxonomic 
groups found in each of the six lakes, as well as the three groups identified by principal 
component analysis (PCA). The total number and percentage of taxa belonging to each of the 
four major taxonomic groups identified in this study is also included. The total number of taxa is 




1 PCA Group 2 PCA Group 3 Total 
 Myrtle  Bear  Evan Boardman Heather Twenty-two 
Desmid 97 (49%) 83 (49%) 72 (44%) 77 (52%) 88 (55%) 75 (50%) 185 (54%) 
Green Algae 42 (21%) 30 (18%) 36 (22%) 29 (20%) 33 (21%) 32 (21%) 62 (18%) 
Cyanobacteria 24 (12%) 23 (14%) 20 (12%) 22 (15%) 19 (12%) 23 (15%) 39 (11%) 
Other 33 (17%) 32 (19%) 36 (22%) 19 (13%) 19 (12%) 21 (14%) 55 (16%) 
Total  196 168 164 147 159 151 341 
 
PCA Group 
1 PCA Group 2 PCA Group 3  
Desmid 96 (49%) 108 (48%) 135 (57%) 
Green Algae 43 (22%) 40 (18%) 44 (19%) 
Cyanobacteria 24 (12%) 28 (13%) 27 (11%) 
Other 26 (13%) 47 (21%) 30 (13%) 
Total  189 223 236 
68 
 
Table 6: The ten most influential taxa for the first three principal components, in descending 
order of the absolute value of their variable loading scores. 
PC 1 PC 2 PC 3 
Parameter VLS Parameter VLS Parameter VLS 




G - Botryococcus sp. 0.1391 (-) G - Elakatothrix spp. 0.1520 (+) 





armatum R2, S3 
0.1329 (-) 
D - Staurastrum 
longipes 
0.1454 (+) 




D - Spondylosium 
planum R2, S1 
0.1318 (-) 





circularis R2, S2 
0.1406 
(+) 
D - Xanthidium 
antelopaeum S2 
0.1305 (-) 
D - Pleurotaenium 
nodosum 
0.1413 (+) 
G - Eudorina spp. 
0.1352 
(+) 
D - Staurastrum 
brachiatum R1, S2 
0.1291 (-) 








D - Staurastrum 
inconspicuum R3, S3 
0.1290 (-) 
D - Spirotaenia 
condensata R2 
0.1253 (+) 
D - Staurastrum 
manfeldtii R1, S2 
0.1347 
(+) 
D - Micrasterias 
pinnatifida R3, S3 
0.1287 (-) 
D - Actinotaenium 
wollei R3 
0.1238 (-) 




C - Aphanizomenon? 0.1279 (-) 
D - Micrasterias 
muricata 
0.1234 (+) 




D - Cosmarium humile 
group, varA S2  
0.1279 (-) 








D - Cosmocladium 
saxonicum R2 
0.1271 (-) 
D - Staurastrum 
setigerum 
0.1188 (+) 
R = rarity score (1-3), while S = sensitivity score (1-3) (Coesel and Meesters 2007) 





Table 7: A contingency table comping the cluster membership from both the water quality and 
algae principal component analysis clustering results. Association analysis with a chi-squared 
test showed the similarity in cluster membership to be significant (p-value <0.0001) 
  Algae Results 
  
PCA Group 1: 
Myrtle 
PCA Group 2: 
Bear & Evan 







PCA Group 1: 
Myrtle 
7 0 0 
PCA Group 2: 
Bear & Evan 
0 12 3 
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Appendix 1.H: Sample site coordinates and elevation for each of the six lakes as recorded by a handheld 
GPS unit. 





Heather 48.069314 -121.781961 726.9 6.03 
Myrtle 48.052815 -121.427172 537.3 1.34 
Bear 48.059376 -121.741428 849.9 7.81 
Boardman 48.025263 -121.687541 964.1 18.49 
Evan 48.031127 -121.68687 826.6 4.41 






Appendix 2.a: Kruskal-Wallis rank sum test results, including the chi-squared value and p-value, 
comparing the water quality parameters and algal species richness between all six lakes. 
 
Parameter Chi-Square Value  P-Value 
Water Temperature 6.09 0.30 
Dissolved Oxygen 27.39 4.8e-5 
pH 19.22 1.8e-3 
Specific Conductance 36.89 6.3e-7 
Alkalinity 38.23 3.4e-7 
Chlorophyll-a 17.34 3.9e-3 
Turbidity 20.76 9.0e-4 
Dissolved Silica 26.83 6.2e-5 
Soluble Reactive Phosphate 3.57 0.61 
Total Phosphorus 33.04 3.7e-6 
Total Nitrogen 32.46 4.8e-6 
Nitrate 7.51 0.19 
Total Organic Carbon 36.86 6.4e-7 
Dissolved Organic Carbon 36.70 6.9e-7 
Trophic State Index 17.34 3.93-3 





Appendix 2.b: Significant Pairwise Wilcoxon rank sum test p-values (p-value <0.05) between 
lakes for water quality parameters and algal species richness that were significantly different 




 Bear Boardman Evan Heather Myrtle 
Boardman NS     
Evan NS NS    
Heather 0.0367 NS NS   
Myrtle 0.0140 0.0087 0.0140 0.0087  
Twenty-Two 0.0140 NS NS NS 0.0087 
pH  Bear Boardman Evan Heather Myrtle 
Boardman NS     
Evan NS NS    
Heather NS NS NS   
Myrtle NS NS NS NS  
Twenty-Two NS NS NS 0.0087 NS 
Specific 
Conductance 
 Bear Boardman Evan Heather Myrtle 
Boardman 0.0242     
Evan 0.0087 0.0242    
Heather 0.0087 0.0332 NS   
Myrtle 0.0087 0.0169 0.0087 0.0087  
Twenty-Two 0.0087 0.0169 0.0240 0.0332 0.0087 
Alkalinity  Bear Boardman Evan Heather Myrtle 
Boardman 0.0310     
Evan 0.0310 NS    
Heather 0.0310 0.0310 0.0310   
Myrtle 0.0310 0.0310 0.0310 0.0310  
Twenty-Two 0.0310 0.0310 0.0310 0.0410 0.0310 
Chlorophyll-a  Bear Boardman Evan Heather Myrtle 
Boardman NS     
Evan NS NS    
Heather NS NS NS   
Myrtle NS NS NS NS  
Twenty-Two NS NS NS NS 0.0087 
Turbidity  Bear Boardman Evan Heather Myrtle 
Boardman NS     
Evan NS 0.0300    
Heather NS NS NS   
Myrtle NS NS NS NS  




Appendix 2.b: Significant Pairwise Wilcoxon rank sum test p-values (p-value <0.05) between 
lakes for water quality parameters and algal species richness that were significantly different 
from one another based on a Kruskal-Wallis rank sum test results (Appendix 2.a) (continued). 
Dissolved 
Silica 
 Bear Boardman Evan Heather Myrtle 
Boardman 0.0087     
Evan 0.0087 NS    
Heather 0.0087 NS NS   
Myrtle NS NS NS NS  
Twenty-Two 0.0257 0.0257 NS 0.0257 NS 
Total 
Phosphorus 
 Bear Boardman Evan Heather Myrtle 
Boardman NS     
Evan 0.0087 0.0087    
Heather NS 0.0087 0.0087   
Myrtle 0.0087 0.0087 NS 0.0087  
Twenty-Two NS NS 0.0087 NS 0.0087 
Total 
Nitrogen 
 Bear Boardman Evan Heather Myrtle 
Boardman 0.0140     
Evan 0.0087 0.0087    
Heather NS NS 0.0087   
Myrtle 0.0087 0.0087 NS 0.0087  
Twenty-Two 0.0087 NS 0.0087 NS 0.0087 
Total Organic 
Carbon 
 Bear Boardman Evan Heather Myrtle 
Boardman NS     
Evan 0.0280 0.0280    
Heather 0.0280 0.0280 0.0280   
Myrtle 0.0280 0.0280 NS 0.0280  




 Bear Boardman Evan Heather Myrtle 
Boardman NS     
Evan 0.0300 0.0300    
Heather 0.0300 0.0300 0.0300   
Myrtle 0.0300 0.0300 NS 0.0300  





 Bear Boardman Evan Heather Myrtle 
Boardman NS     
Evan NS NS    
Heather NS NS NS   
Myrtle NS NS NS NS  





Appendix 2.b: Significant Pairwise Wilcoxon rank sum test p-values (p-value <0.05) between 
lakes for water quality parameters and algal species richness that were significantly different 
from one another based on a Kruskal-Wallis rank sum test results (Appendix 2.a) (continued). 
Algal Species 
Richness 
 Bear Boardman Evan Heather Myrtle 
Boardman NS     
Evan NS NS    
Heather NS NS NS   
Myrtle NS NS NS NS  







Appendix 3: A matrix of the Kendall’s correlation coefficient for significant (p-value <0.05) 













Temperature  - 0.506*** -- -- -- 0.281* 
Dissolved 
Oxygen   -- -- -- -0.467*** 
pH    -- -- -- 
Specific 
Conductance     0.802*** 0.282* 
Alkalinity      -- 
Chlorophyll-
a       
Turbidity       
Dissolved 
Silica       
Soluble 
Reactive 
Phosphate       
Total 
Phosphorus       
Total 
Nitrogen       
Nitrate       
Total 
Organic 
Carbon       
Dissolved 
Organic 
Carbon       
Algal 
Species 
Richness             




Appendix 3: A matrix of the Kendall’s correlation coefficient for significant (p-value <0.05) 















Temperature -- -0.257* -0.296* -- 0.219* -0.600*** 
Dissolved 
Oxygen -0.283* 0.343* -- -- -0.437*** 0.495*** 
pH -- -- -- -- -- -- 
Specific 
Conductance -- 0.226* -- 0.299* -- -- 
Alkalinity -- -- -- -- -- -- 
Chlorophyll-a 0.459*** -- -- 0.433*** 0.547*** -- 
Turbidity  -0.226* -- -- 0.572*** -- 
Dissolved 
Silica   0.230* -- -0.235* -- 
Soluble 
Reactive 
Phosphate    -- -- 0.243* 
Total 
Phosphorus     0.589*** -- 
Total 
Nitrogen      -- 
Nitrate       
Total Organic 
Carbon       
Dissolved 
Organic 
Carbon       
Algal Species 
Richness       





Appendix 3: A matrix of the Kendall’s correlation coefficient for significant (p-value <0.05) 















Temperature -- -- 0.353* 
Dissolved 
Oxygen -0.477*** -0.466*** -0.439*** 
pH -- -- -- 
Specific 
Conductance -- -- -- 
Alkalinity -- -- -- 
Chlorophyll-a 0.423*** 0.402** 0.518*** 
Turbidity 0.456*** 0.429*** 0.315* 
Dissolved 
Silica -0.290* -0.302* -0.271* 
Soluble 
Reactive 
Phosphate -- -- -- 
Total 
Phosphorus 0.402** 0.396** 0.230* 
Total Nitrogen 0.651*** 0.636*** 0.372** 
Nitrate -- -- -0.258* 
Total Organic 
Carbon  0.940*** 0.311* 
Dissolved 
Organic 
Carbon   0.293* 
Algal Species 
Richness       




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 





1 11.9 0 5 0 0 0 0 
Aphanocapsa spp. C.Nägeli* 6 85.7 7 6 7 6 6 4 
Aphanothece spp. C.Nägeli* 6 66.7 6 5 7 5 4 1 
Arthrospira jenneri Stizenberger ex Gomont 1 2.4 1 0 0 0 0 0 
Arthrospira spp. Sitzenberger ex Gomont* 2 9.5 1 0 3 0 0 0 
Borzia? F.Cohn ex M.Gomont* 1 4.8 0 0 0 2 0 0 
Chroococcus spp. Nägeli* 6 57.1 2 6 5 7 1 3 
Chroococcus turgidus (Kützing) Nägeli 6 38.1 1 6 5 1 1 2 
Chroococcus? Nägeli* 1 4.8 0 2 0 0 0 0 
Coelosphaerium 
kuetzingianum Nägeli 6 71.4 7 5 6 2 4 6 
Cyanothece aeruginosa (Nägeli) Komárek 3 26.2 0 0 0 3 4 4 
Cyanothece major? (Schröter) Komárek 2 9.5 0 0 2 0 0 2 





3 19.0 6 1 1 0 0 0 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  
1 Data provided by Dr. Robin Matthews 
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Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 












1 2.4 1 0 0 0 0 0 
Eucapsis minor (Skuja) Elenkin 5 23.8 1 4 2 2 0 1 





2 7.1 0 0 2 0 1 0 
Gloeotrichia pisum Thuret ex Bornet & Flahault 1 9.5 4 0 0 0 0 0 
Hapalosiphon hibernicus West & G.S.West 6 59.5 5 6 7 2 1 4 
Hassallia sp. Trevisan* 1 2.4 0 0 0 0 0 1 
Lyngbya spp. C.Agardh ex Gomont* 1 2.4 0 1 0 0 0 0 
Merismopedia spp. Meyen* 6 69.0 5 5 7 5 3 4 
Microcoleus lacustris Farlow ex Gomont 3 19.0 0 0 0 4 3 1 
Nostoc spp. Vaucher ex Bornet & Flahault* 2 16.7 6 0 0 0 1 0 
Oscillatoria spp. Vaucher ex Gomont* 6 52.4 6 3 3 1 5 4 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Phormidium spp. Kützing ex Gomont* 6 88.1 6 6 7 5 7 6 
Pseudanabaena spp. -  
planktonic Lauterborn* 6 33.3 4 1 2 1 3 3 
Pseudanabaena spp. - 













2 7.1 0 0 0 1 0 2 
Snowella littoralis and 
lacustris A.A.Elenkin* 5 23.8 0 2 3 2 2 1 
Stigonema mamillosum C.Agardh ex Bornet & Flahault 4 23.8 0 1 0 4 1 4 














Cavalier-Smith** 2 7.1 2 1 0 0 0 0 
 
* = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Actinotaenium spA (Nägeli) Teiling* 1 14.3 0 6 0 0 0 0 
Actinotaenium spB (Nägeli) Teiling* 2 4.8 1 0 0 1 0 0 
Actinotaenium wollei 
(West & G.S.West) 
Teiling ex Ruzika 
& Pouzar 
1 16.7 0 7 0 0 0 0 




Nitzsch ex Ralfs* 3 21.4 1 1 7 0 0 0 
Closterium acerosum Ehrenberg ex Ralfs 2 14.3 5 1 0 0 0 0 
Closterium baillyanum (Brébisson ex Ralfs) Brébisson 3 26.2 6 4 0 0 1 0 
Closterium cf. cornu Nitzsch ex Ralfs*  5 52.4 7 5 0 1 5 4 
Closterium closterioides (Ralfs) A.Louis & Peeters 3 19.0 0 3 0 0 3 2 
Closterium costatum and 
striolatum Nitzsch ex Ralfs* 6 66.7 7 6 6 4 4 1 
Closterium cynthia? De Notaris 4 35.7 6 4 0 0 2 3 
Closterium gracile? Brébisson ex Ralfs 2 9.5 3 0 1 0 0 0 
Closterium kuetzingii Brébisson 4 19.0 4 0 1 0 2 1 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Closterium littorale? F.Gay 1 2.4 0 1 0 0 0 0 
Closterium lunula and 
acerosum var tumidum Nitzsch ex Ralfs* 6 40.5 3 2 7 2 1 2 
Closterium moniliferum Ehrenberg ex Ralfs 2 14.3 5 0 0 0 1 0 
Closterium navicula (Brébisson) Lütkemüller 4 26.2 4 0 0 2 3 2 
Closterium parvulum? Nägeli 1 2.4 0 1 0 0 0 0 
Closterium praelongum? Brébisson 1 2.4 1 0 0 0 0 0 
Closterium ralfsii var. 








Prescott 2 4.8 1 1 0 0 0 0 
Closterium rostratum? Ehrenberg ex Ralfs 1 2.4 1 0 0 0 0 0 
Closterium setaceum? Ehrenberg ex Ralfs 3 23.8 3 0 4 3 0 0 
Closterium spA Nitzsch ex Ralfs 2 21.4 7 0 0 2 0 0 
Cosmarium amoenum Brébisson ex Ralfs 6 28.6 1 4 1 4 1 1 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Cosmarium bioculatum 
type Brébisson ex Ralfs 6 38.1 3 2 1 3 4 3 
Cosmarium cf. laeve Nitzsch ex Ralfs*  2 16.7 0 0 0 0 3 4 
Cosmarium cf. 
pseudoretusum Nitzsch ex Ralfs* 1 7.1 3 0 0 0 0 0 
Cosmarium circulare Reinsch  1 14.3 6 0 0 0 0 0 
Cosmarium clepshydra Nordstedt 1 4.8 2 0 0 0 0 0 
Cosmarium connatum Brébisson ex Ralfs 2 28.6 7 5 0 0 0 0 
Cosmarium contractum O.Kirchner 3 38.1 7 5 0 0 0 4 
Cosmarium contractum 
var. ellipsoideum 
(Elfving) West & 
G.S.West 2 4.8 1 0 0 0 0 1 
Cosmarium contractum 
var. minutum (Delponte) Coesel 6 50.0 7 5 4 2 1 2 
Cosmarium contractum 
var. rotundatum Borge 2 14.3 2 4 0 0 0 0 
Cosmarium decedens (Reinsch) Raciborski 1 2.4 0 0 0 1 0 0 
Cosmarium excavatum 
var. duplo-maius Förster 2 7.1 0 0 0 2 1 0 
Cosmarium humile group, 
varA 
Nordstedt ex De 
Toni 1 11.9 0 5 0 0 0 0 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Cosmarium humile group, 
varB 
Nordstedt ex De 
Toni 3 28.6 5 0 0 2 5 0 
Cosmarium humile group, 
varC 
Nordstedt ex De 
Toni 4 23.8 1 0 0 4 1 4 
Cosmarium moerlianum Lütkemüller 1 4.8 2 0 0 0 0 0 
Cosmarium moniliforme Ralfs 2 19.0 7 0 0 0 0 1 
Cosmarium obliquum? Nordstedt 1 2.4 0 0 0 0 0 1 
Cosmarium ocellatum Eichler & Gutwinski 2 19.0 4 0 0 0 4 0 
Cosmarium ornatum Ralfs ex Ralfs 2 9.5 0 0 0 1 3 0 
Cosmarium pachyderma P.Lundell 1 4.8 2 0 0 0 0 0 
Cosmarium portianum W.Archer 4 31.0 2 0 0 2 4 5 
Cosmarium 
pseudoprotuberans O.Kirchner 1 4.8 2 0 0 0 0 0 
Cosmarium 
pseudopyrimidatum P.Lundell 1 4.8 0 2 0 0 0 0 
Cosmarium punctulatum Brébisson 4 26.2 0 0 5 1 2 3 
Cosmarium pyramidatum Brébisson ex Ralfs 4 33.3 0 6 3 3 0 2 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Cosmarium quadratum Ralfs ex Ralfs  3 14.3 0 0 1 0 3 2 
Cosmarium quadrifarium P.Lundell 3 26.2 0 7 0 3 1 0 
Cosmarium reniforme (Ralfs) W.Archer 1 4.8 0 0 0 0 0 2 
Cosmarium sp1 Corda ex Ralfs* 1 7.1 3 0 0 0 0 0 
Cosmarium sp2 Corda ex Ralfs* 1 7.1 0 0 0 3 0 0 
Cosmarium sp3 Corda ex Ralfs* 1 9.5 0 4 0 0 0 0 
Cosmarium sp4 Corda ex Ralfs* 2 7.1 1 0 0 0 0 2 
Cosmarium sp5 Corda ex Ralfs* 5 23.8 2 0 1 1 3 3 
Cosmarium sphagnicolum West & G.S.West 6 31.0 1 1 2 2 3 4 
Cosmarium subtumidum 
var. groenbladii Croasdale 2 4.8 0 0 0 1 1 0 
Cosmarium superbum W.R.Taylor 2 11.9 0 1 0 0 4 0 
Cosmarium tinctum? Ralfs 1 4.8 2 0 0 0 0 0 
Cosmarium ungerianum? (Nägeli) De Bary 2 11.9 1 0 0 0 4 0 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 




W.Archer 1 2.4 0 1 0 0 0 0 
Cosmocladium saxonicum De Bary 2 16.7 0 6 0 1 0 0 
Cylindrocystis spp. Meneghini ex De Bary* 5 42.9 0 4 3 3 4 4 
Desmidium grevillei (Kützing ex Ralfs) De Bary 1 2.4 1 0 0 0 0 0 
Desmidium swartzii C.Agardh ex Ralfs 1 2.4 1 0 0 0 0 0 
Euastrum bidentatum Nägeli 5 54.8 0 3 4 3 7 6 
Euastrum binale group Ehrenberg ex Ralfs 6 38.1 2 4 2 1 3 4 
Euastrum cf. didelta Nitzsch ex Ralfs* 3 26.2 0 5 4 0 0 2 
Euastrum denticulatum F.Gay 5 66.7 0 7 6 5 4 6 
Euastrum elegans Ralfs 2 21.4 0 0 0 0 3 6 
Euastrum gayanum De Toni 1 2.4 0 0 0 0 0 1 
Euastrum gemmatum var. 
taftii Prescott 2 16.7 6 0 0 0 1 0 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 




Krieger 2 4.8 0 1 0 1 0 0 
Euastrum pinnatum Ralfs 2 9.5 0 0 1 0 3 0 
Euastrum sinuosum Lenormand ex W.Archer 4 21.4 0 5 2 0 1 1 
Euastrum sp1 Ehrenberg ex Ralfs* 5 35.7 0 1 5 3 4 2 
Euastrum sp2 Ehrenberg ex Ralfs* 2 9.5 0 0 1 0 0 3 
Euastrum validum W.Krieger 2 9.5 0 3 0 1 0 0 
Euastrum verrucosum 
var. alatum Wolle 2 7.1 1 0 0 0 2 0 
Euastrum verrucosum 
var. rhomboideum Lundell 1 2.4 0 0 0 0 1 0 
Gonatozygon aculeatum W.N.Hastings 2 19.0 7 0 0 0 0 1 
Gonatozygon brebissonii De Bary 2 4.8 0 0 1 0 0 1 
Gonatozygon kinahanii (W.Archer) Rabenhorst 2 7.1 0 1 0 2 0 0 
Gonatozygon 
monotaenium De Bary 3 11.9 0 0 0 2 1 2 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  





Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Groenbladia neglecta (Raciborski) Teiling 1 7.1 0 3 0 0 0 0 
Haplotaenium rectum (Delponte) Bando 3 26.2 0 7 2 2 0 0 
Hyalotheca dissiliens Brébisson ex Ralfs 5 50.0 6 4 1 0 3 7 




Kützing) J.Roy & 
Bisset 
6 26.2 3 2 1 3 1 1 
Micrasterias americana Ehrenberg ex Ralfs 3 11.9 2 0 2 0 1 0 
Micrasterias americana 
var. lewisiana West 2 4.8 0 0 1 0 1 0 





1 2.4 1 0 0 0 0 0 
Micrasterias conferta Lundell 1 2.4 0 0 1 0 0 0 
Micrasterias denticulata Brébisson ex Ralfs 1 2.4 0 0 1 0 0 0 
Micrasterias depauperata 
var. wollei J.A.Cushman  1 4.8 0 0 2 0 0 0 
Micrasterias furcata C.Agardh ex Ralfs 1 2.4 1 0 0 0 0 0 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Micrasterias laticeps Nordstedt 1 16.7 7 0 0 0 0 0 
Micrasterias muricata Bailey ex Ralfs 2 11.9 0 0 4 0 0 1 
Micrasterias papillifera Brébisson ex Ralfs 3 9.5 0 0 2 1 1 0 
Micrasterias pinnatifida Ralfs 4 40.5 2 6 7 2 0 0 
Micrasterias rotata Ralfs 2 4.8 1 0 0 0 1 0 
Micrasterias truncata Brébisson ex Ralfs 4 19.0 0 2 4 0 1 1 
Netrium digitus 
(Brébisson ex 
Ralfs) Itzigsohn & 
Rothe 
5 54.8 2 7 0 5 3 6 
Netrium interruptum (Brébisson ex Ralfs) Lütkemüller 4 19.0 0 2 3 1 2 0 
Penium cylindrus and 
exiguum 
Brébisson ex 
Ralfs* 3 14.3 0 0 1 2 0 3 
Penium sp1 Brébisson ex Ralfs* 5 23.8 0 4 3 1 1 1 
Penium spinulosum (Wolle) Gerrath 1 9.5 0 0 4 0 0 0 




ehrenbergii 5 40.5 0 5 4 1 5 2 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Pleurotaenium nodosum (Bailey ex Ralfs) P.Lundell 2 14.3 0 0 5 0 1 0 
Pleurotaenium nodulosum (Brébisson ex Ralfs) Rabenhorst 1 2.4 1 0 0 0 0 0 
Pleurotaenium trabecula Nägeli 3 9.5 1 0 0 0 2 1 
Roya obtusa (Brébisson) West & G.S.West 2 4.8 1 0 0 0 0 1 
Sphaerozosma excavatum Ralfs ex Ralfs 2 16.7 0 5 2 0 0 0 
Sphaerozosma filiforme Ralfs 1 2.4 1 0 0 0 0 0 
Spirotaenia condensata Brébisson 6 59.5 7 3 6 2 5 2 
Spirotaenia 
erythrocephala Itzigsohn 2 9.5 3 0 0 0 0 1 
Spondylosium planum (Wolle) West & G.S.West  2 26.2 0 5 6 0 0 0 
Staurastrum alternans Brébisson 1 4.8 0 0 0 0 0 2 
Staurastrum alternans 
varA Brébisson 1 2.4 0 0 0 0 1 0 
Staurastrum anatinum Cooke & Wills 5 59.5 5 4 0 5 5 6 
Staurastrum arctiscon (Ehrenberg ex Ralfs) P.Lundell 1 4.8 0 0 0 2 0 0 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  





Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Staurastrum boreale West & G.S.West 2 11.9 0 0 0 0 1 4 
Staurastrum brachiatum Ralfs ex Ralfs 5 35.7 1 7 4 2 1 0 
Staurastrum brasiliense Nordstedt 1 4.8 0 0 0 2 0 0 
Staurastrum brevispina Brébisson 4 38.1 0 5 6 1 4 0 
Staurastrum cf. comptum Nitzsch ex Ralfs* 4 26.2 0 2 5 3 0 1 
Staurastrum cf. 




& Meesters 6 47.6 3 2 1 4 4 6 
Staurastrum furcigerum (Brébisson) W.Archer 1 2.4 0 0 0 0 1 0 
Staurastrum gladiosum West & G.S.West 6 52.4 5 5 4 2 5 1 
Staurastrum gracile? Ralfs ex Ralfs 2 16.7 6 0 0 1 0 0 
Staurastrum 
inconspicuum Nordstedt 3 31.0 0 5 7 1 0 0 
Staurastrum lapponicum (Schmidle) Grönblad 4 28.6 2 0 0 2 4 4 
Staurastrum longipes (Nordstedt) Teiling 3 19.0 0 0 5 1 2 0 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Staurastrum manfeldtii Delponte 2 19.0 7 0 0 1 0 0 
Staurastrum natator? West 1 7.1 0 0 0 3 0 0 
Staurastrum novae-terrae W.R.Taylor 4 33.3 4 6 0 1 3 0 
Staurastrum ophiura P.Lundell 5 47.6 0 5 5 3 3 4 
Staurastrum ralfsii var. 
depressum 
(J.Roy & Bisset) 
Coesel & Meesters 1 7.1 3 0 0 0 0 0 
Staurastrum setigerum Cleve 4 26.2 0 2 6 2 0 1 
Staurastrum sp1 Meyen ex Ralfs* 3 9.5 1 0 0 0 2 1 
Staurastrum sp2 Meyen ex Ralfs* 2 14.3 3 0 0 0 0 3 
Staurastrum sp3 Meyen ex Ralfs* 1 2.4 0 0 0 0 0 1 
Staurastrum sp4 Meyen ex Ralfs* 1 2.4 0 1 0 0 0 0 
Staurastrum sp5 Meyen ex Ralfs* 1 2.4 0 0 0 0 0 1 
Staurastrum sp6 Meyen ex Ralfs* 2 7.1 0 0 1 2 0 0 
Staurastrum sp7 Meyen ex Ralfs* 2 4.8 0 0 0 1 1 0 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Staurastrum 
subcruciatum Cooke & Wills 4 31.0 6 0 0 1 4 2 
Staurastrum tetracerum Ralfs ex Ralfs 4 31.0 0 4 3 2 0 4 
Staurastrum 
tohopekhngense Wolle 3 28.6 7 3 0 0 2 0 
Staurastrum trifidum var. 
inflexum West & G.S.West 1 7.1 3 0 0 0 0 0 
Staurodesmus bulnheimii (Raciborski) Round & A.J.Brook 3 21.4 0 7 1 0 1 0 
Staurodesmus connatus (P.Lundell) Thomasson 5 38.1 4 7 2 2 0 1 
Staurodesmus convergens (Ehrenberg ex Ralfs) S.Lillieroth 2 16.7 5 0 0 0 2 0 
Staurodesmus cuspidatus (Brébisson) Teiling 2 7.1 2 0 1 0 0 0 
Staurodesmus dejectus (Brébisson) Teiling 3 14.3 2 2 2 0 0 0 
Staurodesmus dickei Hinode 2 23.8 7 0 0 0 3 0 
Staurodesmus dickei var. 
circularis 
(W.B.Turner) 
Croasdale 1 11.9 5 0 0 0 0 0 
Staurodesmus extensus (O.F.Andersson) Teiling 4 33.3 6 4 3 0 1 0 
Staurodesmus glaber (Ralfs) Teiling 4 28.6 0 4 3 2 0 3 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Staurodesmus omearae (W.Archer) Teiling 2 7.1 0 2 0 0 1 0 
Staurodesmus patens (Nordstedt) Croasdale 4 19.0 1 5 0 1 1 0 
Staurodesmus sp1 Teiling* 4 14.3 0 1 1 0 2 2 
Staurodesmus sp2 Teiling* 1 7.1 0 0 0 3 0 0 




Teiling 6 61.9 2 7 3 2 7 5 
Teilingia granulata and 
turnerii Bourrelly* 5 61.9 5 5 0 4 5 7 
Tetmemorus brebissonii Ralfs 6 35.7 3 1 3 2 5 1 
Tetmemorus granulatus Brébisson ex Ralfs 2 9.5 0 2 0 0 2 0 
Tetmemorus laevis Ralfs ex Ralfs 2 4.8 0 0 0 1 0 1 
Xanthidium antelopaeum Kützing 4 31.0 0 6 5 1 1 0 
Xanthidium antelopaeum 
var. minneapoliense Wolle 3 11.9 0 0 2 0 2 1 
Xanthidium antelopaeum 
var. polymazum Nordstedt 4 31.0 1 0 5 0 3 4 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Xanthidium armatum Brébisson ex Ralfs 2 21.4 0 7 2 0 0 0 
Xanthidium cristatum var. 
scrobiculatum 
A.M.Scott & 
Grönblad 2 16.7 5 0 0 2 0 0 
Xanthidium octocorne Ehrenberg ex Ralfs 3 26.2 0 4 6 0 1 0 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 
samples each taxa was found in, and the number of sampling trips (out of 7) each taxa was identified in for all six lakes (continued).1 
Green Algae Taxa 
Taxonomic 
Authority 
Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Ankistrodesmus spp. Corda* 6 47.6 6 1 1 2 5 5 
Ankyra lanceolata (Korshikov) Fott 0 0.0 0 0 0 0 0 0 
Aphanochaete 
vermiculoides Wolle 1 11.9 5 0 0 0 0 0 
Apiocystis brauniana Nägeli 1 2.4 1 0 0 0 0 0 
Asterococcus spp. Scherffel 5 59.5 6 5 7 2 0 5 
Binuclearia tectorum (Kützing) Berger ex Wichmann 3 14.3 0 2 0 3 0 1 
Botryococcus braunii Kützing 6 61.9 7 5 6 6 1 1 
Botryococcus sp. Kützing* 3 26.2 0 6 3 2 0 0 
Botryosphaerella sudetica (Lemmermann) P.C.Silva  1 2.4 0 0 0 0 0 1 




Klebahn  5 21.4 0 1 2 3 1 2 
Chlamydomonas nivalis 
cyst (F.A.Bauer) Wille 2 19.0 0 0 0 0 4 4 
Chlamydomonas spp. Ehrenberg 6 88.1 7 6 6 5 6 7 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  






Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 
samples each taxa was found in, and the number of sampling trips (out of 7) each taxa was identified in for all six lakes (continued).1 
Green Algae Taxa 
Taxonomic 
Authority 
Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Chlorogonium spp. Ehrenberg 2 4.8 1 0 1 0 0 0 
Chloromonas nivalis cyst (Chodat) Hoham & Mullet  1 2.4 0 0 0 0 0 1 
Coelastrum asteroidea 
and microporum Nägeli* 1 4.8 2 0 0 0 0 0 
Coleochaete spp. Brébisson* 3 11.9 2 2 1 0 0 0 
Crucigenia quadrata Morren 1 2.4 0 0 0 0 1 0 





6 71.4 4 4 7 4 5 6 
Elakatothrix spp. Wille* 5 47.6 4 0 6 4 2 4 
Eremosphaera viridis De Bary 1 4.8 0 0 0 0 2 0 
Eudorina spp. Ehrenberg* 1 14.3 6 0 0 0 0 0 
Fusola viridis J.W.Snow 2 9.5 3 0 1 0 0 0 
Geminella spp. Turpin* 6 19.0 1 2 1 1 2 1 
Gloeocystis spp. Nägeli* 6 92.9 7 7 6 6 6 7 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 
samples each taxa was found in, and the number of sampling trips (out of 7) each taxa was identified in for all six lakes (continued).1 
Green Algae Taxa 
Taxonomic 
Authority 
Presence in # 
of Lakes 
Presence in % 






5 50.0 0 1 3 4 6 7 
Microspora spp. Thuret* 6 40.5 1 4 2 2 4 4 
Microthamnion 






1 4.8 0 0 0 0 2 0 










2 16.7 0 2 5 0 0 0 
Oedogonium spp. Link ex Hirn* 6 83.3 7 7 7 5 3 6 
Oocystis spp. Nägeli ex A.Braun* 5 38.1 5 2 5 2 2 0 
Palmodictyon viride Kützing 1 2.4 0 0 0 0 0 1 
Pandorina morum (O.F.Müller) Bory 1 11.9 5 0 0 0 0 0 
Paulschulzia 
pseudovolvox (P.Schultz) Skuja  1 4.8 2 0 0 0 0 0 
Pediastrum angulosum Ehrenberg ex Meneghini  2 19.0 5 0 0 0 0 3 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 
samples each taxa was found in, and the number of sampling trips (out of 7) each taxa was identified in for all six lakes (continued).1 
Green Algae Taxa 
Taxonomic 
Authority 
Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Planktosphaeria 












Nováková 1 4.8 2 0 0 0 0 0 
Quadrigula closterioides (Bohlin) Printz 5 33.3 3 3 6 1 0 1 
Scenedesmus arcuatus (Lemmermann) Lemmermann 3 19.0 5 1 2 0 0 0 
Scenedesmus spp. Meyen* 6 88.1 5 7 6 7 6 6 
Schizochlamys gelatinosa A.Braun 2 11.9 2 0 3 0 0 0 
Sorastrum spinulosum Nägeli 4 16.7 4 1 0 0 1 1 
Speudostaurastrum 
limneticum 
(Borge) Couté & 
Rousselin 1 2.4 0 0 1 0 0 0 
Sphaerocystis schroeteri 
group Chodat 6 35.7 5 1 5 2 1 1 
Spirogyra spp. Link* 6 57.1 6 4 2 5 2 5 
Stauridium tetras (Ehrenberg) E.Hegewald 4 26.2 5 0 0 2 3 1 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 
samples each taxa was found in, and the number of sampling trips (out of 7) each taxa was identified in for all six lakes (continued).1 
Green Algae Taxa 
Taxonomic 
Authority 
Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Stauridium tetras varA (Ehrenberg) E.Hegewald 0 0.0 0 0 0 0 0 0 
Stigeoclonium sp. Kützing* 3 7.1 1 0 1 1 0 0 
Tetradesmus 
wisconsinensis G.M.Smith 3 14.3 0 0 2 0 1 3 
Tetraedron minimum (A.Braun) Hansgirg 1 2.4 0 0 1 0 0 0 
Tetraspora lemmermannii Fott 6 50.0 4 3 5 3 4 2 
Ulothrix spp. Kützing* 6 33.3 3 6 1 2 1 1 











5 33.3 1 1 6 0 3 3 
Zygnema spp. C.Agardh* 4 21.4 1 0 0 1 2 5 
Characiopsis sp. Borzì* 5 28.6 6 2 2 1 0 1 
Chlorobotrys regularis (West) Bohlin* 6 54.8 1 7 5 2 4 4 





verrucosa Skuja  
6 35.7 1 2 3 1 2 6 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  
1 Data provided by Dr. Robin Matthews 
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Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 
samples each taxa was found in, and the number of sampling trips (out of 7) each taxa was identified in for all six lakes (continued).1 
Green Algae Taxa 
Taxonomic 
Authority 
Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Stauridium tetras varA (Ehrenberg) E.Hegewald 0 0.0 0 0 0 0 0 0 
Stigeoclonium sp. Kützing* 3 7.1 1 0 1 1 0 0 
Tetradesmus 
wisconsinensis G.M.Smith 3 14.3 0 0 2 0 1 3 
Tetraedron minimum (A.Braun) Hansgirg 1 2.4 0 0 1 0 0 0 
Tetraspora lemmermannii Fott 6 50.0 4 3 5 3 4 2 
Ulothrix spp. Kützing* 6 33.3 3 6 1 2 1 1 











5 33.3 1 1 6 0 3 3 
Zygnema spp. C.Agardh* 4 21.4 1 0 0 1 2 5 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Characiopsis sp. Borzì* 5 28.6 6 2 2 1 0 1 
Chlorobotrys regularis (West) Bohlin* 6 54.8 1 7 5 2 4 4 





verrucosa Skuja  
6 35.7 1 2 3 1 2 6 
Chrysochromulina parva Lackey 1 4.8 0 0 2 0 0 0 
Chrysopyxis sp. F.Stein* 2 4.8 1 0 0 0 0 1 
Chrysosphaerella 
longispina Lauterborn 1 2.4 1 0 0 0 0 0 
Chrysostephanosphaera 
globulifera Scherffel 2 7.1 0 2 1 0 0 0 
Cryptomonas spp. Ehrenberg* 6 83.3 6 5 6 6 6 6 
Cystodinium sp. G.A.Klebs* 2 7.1 1 2 0 0 0 0 
Derepyxis sp. A.Stokes* 5 33.3 1 5 5 2 0 1 
Dinobryon cylindricum O.E.Imhof 2 7.1 0 1 0 0 0 2 
Dinobryon divergens O.E.Imhof 2 11.9 2 0 3 0 0 0 
Dinobryon pediforme (Lemmermann) Steinecke 2 7.1 0 1 2 0 0 0 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Dinobryon sertularia Ehrenberg 4 14.3 0 0 1 2 2 1 
Dinobryon sp1 Ehrenberg* 1 2.4 1 0 0 0 0 0 
Epipyxis sp. Ehrenberg* 2 11.9 0 3 2 0 0 0 
Euglena mutabilis? F.Schmitz 6 61.9 4 5 5 4 5 3 
Euglena spp. Ehrenberg* 5 35.7 4 5 3 0 2 1 
Euglena texta (Dujardin) Hübner 2 11.9 4 1 0 0 0 0 
Glaucocystis 
nostochinearum Itzigsohn 1 7.1 3 0 0 0 0 0 
Goniochloris sp. Geitler 1 2.4 1 0 0 0 0 0 
Gonyostomum semen (Ehrenberg) Diesing 2 11.9 0 2 3 0 0 0 
Gymnodinium fuscum (Ehrenberg) F.Stein 3 23.8 0 0 5 2 3 0 
Gymnodinium spp F.Stein* 6 83.3 7 7 6 3 5 7 







6 40.5 2 5 2 3 1 4 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  





Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 





1 2.4 0 0 1 0 0 0 
Lepocinclis ovum (Ehrenberg) Lemmermann 1 2.4 0 0 0 0 1 0 
Lepocinclis spirogyroides B.Marin & Melkonian 1 4.8 0 0 2 0 0 0 
Mallomonas spp. Perty* 5 28.6 2 3 5 1 0 1 
Monomorphina pyrum (Ehrenberg) Mereschkowsky  2 7.1 0 0 2 0 1 0 




Carty 5 26.2 3 2 1 1 4 0 
Peridinium spp. Ehrenberg* 4 26.2 3 6 0 1 0 1 
Peridinium willei Huitfeldt-Kaas 4 14.3 1 0 2 0 2 1 
Phacus acuminatus? Stokes 1 2.4 1 0 0 0 0 0 
Phacus elegans Pochmann 2 7.1 2 0 1 0 0 0 
Phaeoplaca thallosa Chodat 2 4.8 0 1 0 1 0 0 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
Phaeothamnion 






1 4.8 0 0 2 0 0 0 
Pseudostaurastrum sp. Chodat* 4 14.3 2 2 0 1 1 0 







4 26.2 0 5 3 2 0 1 
Synura spp. Ehrenberg 6 40.5 3 2 7 1 3 1 
Trachelomonas hispida 
group (Perty) F.Stein 4 28.6 6 0 3 0 2 1 
Trachelomonas sp1 Ehrenberg* 1 2.4 0 0 1 0 0 0 
Trachelomonas sp2 Ehrenberg* 1 2.4 0 0 1 0 0 0 
Trachelomonas sp3 Ehrenberg* 1 2.4 0 0 1 0 0 0 
Trachelomonas volvocina 
and volvocinopsis Ehrenberg* 4 16.7 1 1 2 0 3 0 
Tribonema spp. Derbès & Solier* 2 7.1 0 2 0 0 0 1 
unknown chrysophyceae Pascher** 2 7.1 0 2 0 0 1 0 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  




Appendix 4: Presence-absence data for all identified algal taxa including the number of lakes each taxa was found in, the percent of 




Presence in # 
of Lakes 
Presence in % 
of samples Myrtle Bear Evan Boardman Heather Twenty-two 
unknown rhodophyta Wettstein** 1 2.4 0 1 0 0 0 0 
Uroglenopsis americana (G.N.Calkins) Lemmermann 3 7.1 1 0 2 0 0 0 
Vacuolaria virescens Cienkowski 5 31.0 1 4 5 2 1 0 
 
 * = genus taxonomic authority, ** = phylum or class taxonomic authority  
1 Data provided by Dr. Robin Matthews 
 
 
 
